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ABSTR•CT.--In paired preference tests Cedar Waxwings (Bombycilla cedrorum) preferred 
glucose, fructose, and a mixture of glucose and fructose over sucrose. Preferences for simple 
sugars were ranked as: glucose = glucose + fructose > fructose > sucrose. 

To be absorbed by the brush border membrane, sucrose is hydrolyzed into its monosac- 
charide components, glucose and fructose. Because Cedar Waxwings preferred glucose and 
fructose over sucrose, we predicted that they would be sucrase deficient. We tested this by 
measuring the efficiency with which Cedar Waxwings absorbed glucose, fructose, and sucrose 
in vivo, and by directly assaying for sucrase in preparations of intestinal mucosa. Absorption 
efficiencies measured using a double isotope method falsified our prediction. Cedar Waxwings 
were able to absorb sucrose (absorption efficiency = 61% + 1.2), but absorbed glucose and 
fructose more efficiently (absorption efficiencies = 92%+ 1.5 and 88%+3.5, respectively). The 
presence of sucrase activity in Cedar Waxwings was confirmed in preparations of intestinal 
mucosa. Using a radioactively labeled inert marker, we found very short mean residence 
times of food particles in the gut of Cedar Waxwings (ca. 41 min). Because sucrose has to be 
hydrolyzed before it can be absorbed, the efficiency with which it is utilized may be hindered 
by the extremely fast passage rates in Cedar Waxwings. 

We suggest that the preference of Cedar Waxwings for monosaccharides over sucrose is 
due to the relative inefficiency of sucrose absorption. However, absorption efficiencies cannot 
explain the strong preference of glucose over fructose. In consequence, neither the caloric 
value of the sugars nor the absorption efficiency was adequate to explain the sugar preferences 
exhibited by Cedar Waxwings. We conclude that the preferences for simple sugars appear to 
be determined by the complex interaction between digestive constraints, postingestional 
effects, and taste. Received 19 January 1988, accepted 10 August 1988. 

THE disaccharide sucrose and the monosac- 

charide hexoses, fructose and glucose, are the 
most common simple sugars in fruit pulp and 
nectar (Chan and Kwok 1975; Baker and Baker 
1983, 1986; Reid and Freeman MS). Humming- 
bird-pollinated plants produce nectars with a 
high proportion of sucrose whereas passerine- 
pollinated plants produce nectars with a low 
proportion of sucrose and high proportion of 
hexoses (Cruden and Toledo 1977; Baker and 
Baker 1982, 1983). Small bird-dispersed fruits, 
which are typically consumed by passerines, 
contain mainly hexoses, whereas cultivated 
fruits used for human consumption tend to have 
high sucrose contents (Baker and Baker 1986, 
pers. comm.). These differences in sugar com- 
position remain largely unexplained. It has been 
postulated that chemical characteristics of nec- 
tar and fruit pulp evolved in response to the 
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preferences of pollinators and seed dispersers 
(Baker and Hurd 1968, Howell 1979, Levey 1987). 
With few exceptions (Hainsworth and Wolf 
1976, Stiles 1976), the sugar preferences of birds 
that feed on nectar and fruit are unknown. 

Glucose, fructose, and sucrose have different 

modes of intestinal transport, and produce dif- 
ferent metabolic effects after ingestion and ab- 
sorption (Sestoft 1983). Even though they are 
similar chemically and in caloric value, these 
sweet substances may not be biologically equiv- 
alent. The European Starling (Sturnus vulgaris) 
rejects sucrose solutions but readily accepts so- 
lutions of fructose and glucose (Schuler, 1983). 
Sucrose aversion in the Starling is associated 
with a deficiency of the intestinal enzyme su- 
crase which hydrolyzes sucrose into fructose 
and glucose (Martinez del Rio et al. 1988). An- 
imals that lack sucrase cannot digest and absorb 
sucrose. Consequently, the presence of undi- 
gested sucrose in the intestine of these animals 
can cause severe osmotic diarrhea. In this way, 
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the absence of intestinal sucrase can be associ- 

ated with aversion for sucrose (Sunshine and 
Kretchmer 1964). 

We studied the sugar preferences of the Ce- 
dar Waxwing (Bornbycilla cedrorurn), one of the 
most heavily frugivorous birds in temperate 
North America (Martin et al. 1951), and ana- 
lyzed the influence of taste and postingestional 
factors on these preferences. Because most bird- 
dispersed fruits in temperate North America are 
hexose-dominated (I. Baker and H. G. Baker in 
litt.), we predicted that Cedar Waxwings would 
prefer glucose and fructose over sucrose. We 
also hypothesized that this preference would 
be a result of sucrase deficiency. We examined 
these hypotheses by simple choice tests; by es- 
timating the efficiency with which the birds 
digested and absorbed sucrose, glucose, and 
fructose in vivo; and by assaying for sucrase in 
preparations of intestinal mucosa. 

METHODS 

We captured 10 Cedar Waxwings in Madison, Wis- 
consin, during October 1986 and housed them to- 
gether indoors (cage size: 2 x 2 x 1 m) for ca. 2 weeks. 
We then transferred them to individual cages (40 x 
55 x 55 cm). They were fed a diet of mashed bananas 
and soy protein isolate ("banana mash") ad libitum 
(Denslow et al. 1987) and provided with water. The 
composition of simple sugars in this diet was 59% 
fructose, 38% glucose, and 3% sucrose (sugar analysis 
performed by I. Baker). The aviary had a 12D-12N-h 
light cycle and constant temperature of 23øC (+ IøC). 

Choice experiments.--Sugars were presented to birds 
in cubes made with 10 g agar (Difco Bacto-Agar), 150 
g sugar (reagent grade), 2 ml red food-dye (Mc- 
Cormick & Co. Inc.), and 1,000 g boiling water. The 
resulting gel was cut into small cubes (ca. 0.6 cm 3 and 
0.18 g, SD = 0.06 g, n = 50). The sugar concentration 
used was within the range encountered in natural 
fruit (Moermond and Denslow 1985, White and Stiles 
1985). Except where stated, sugar concentrations in 
the cubes are expressed as g sugar/100 g water. The 
cubes were presented in 2 plastic trays (5 x 3 x 3 
cm) each containing cubes with one kind of sugar 
cube. Trays were attached to each side of a perch. The 
amount eaten from each tray was estimated as the 
difference between the weight of the tray before and 
after each experiment. To estimate weight loss from 
evaporation from cubes, 2 trays containing the same 
sugars used in the experiment were weighed, left 
inside the aviary for the duration of the trial and 
weighed again at the end. The loss by evaporation 
was minimal (œ = 0.4 + 0.2 g, n = 20, about 3% of the 
total amount), and we used uncorrected weight values 
for analysis. We performed all choice experiments in 

the aviary about 30 min after the lights were switched 
on (ca. 0800). Water was provided during the trials, 
but the banana maintenance diet was removed. 

We performed 2 series of choice tests with 10 birds. 
In series 1 we tested preferences for glucose, fructose, 
sucrose, and a mixture of glucose and fructose (1:1 
ratio) by offering the birds a choice between a tray 
containing agar cubes with sugar ("sugar" cubes) and 
a tray containing agar cubes made without sugar ("pure 
agar" cubes; 10 g agar, 2 ml food dye, and 1,000 g 
water). Preference for each sugar was calculated by 
dividing the mass of sugar cubes eaten by the total 
mass of both sugar and pure agar cubes that were 
eaten (Kare et al. 1957). To determine whether the 
birds could taste sugars, we observed 2-4 birds in each 
trial and recorded the number of cubes swallowed or 

dropped. Ten birds were tested in each trial. In all 
preference tests, we tested the null hypothesis that 
the mean preference of 10 birds, as defined above, 
was not significantly different from 0.5 (the indiffer- 
ence point where consumption of both sugars tested 
is equal) using one sample t-tests on arcsine •/trans- 
formed preference values. To compare consumption 
among trials we used sign tests. 

In series 2 we compared preferences between sug- 
ars by presenting each bird with a choice between 2 
trays. Each contained agar cubes made with a different 
sugar or sugar mixture. All possible pair-wise com- 
binations of glucose, fructose, sucrose, and the mix- 
ture of glucose and fructose were tested. The position 
of the trays (left or right) was randomized for each 
bird in every experiment. We tested the null hypoth- 
esis that preference, as defined above, was not sig- 
nificantly different from 0.5 using one sample t-tests 
on arcsine•/transformed preference values. All trials 
lasted 1.5 h, with the exception of an experiment in 
which sucrose was paired with fructose. This exper- 
iment was repeated in both 1.5- and 3-h-long trials. 
The same 10 birds were used in all the preference 
experiments. We collected excreta samples from each 
bird after every experiment and measured the sugar 
concentration with a pocket refractometer. Although 
urates and other fecal contaminants with undeter- 

mined refractive properties make the refractometer 
readings imprecise (Inouye et al. 1980), we found dif- 
ferent sugar concentrations in excreta of birds fed on 
different sugars. 

Extraction efficiency and retention time.--To measure 
the efficiency with which Cedar Waxwings absorbed 
each sugar, we used a double-isotope method (Kara- 
so• et al. 1986). Agar cubes, labeled with •4C(U) (uni- 
formly labeled) sugar (D-glucose, fructose, or sucrose) 
and 3H polyethylene glycol (PEG, molecular weight 
4,000) as an inert marker that is not absorbed in the 
gut, were prepared by adding 20 •Ci of •4C(U) sugar 
and 75 •Ci of 3H PEG to 10 g of cubes. In each ex- 
periment, 6 birds were deprived of food for 15 min 
and then allowed to feed on these labeled cubes for 

2 min. The mean weight of radioactively labeled cubes 
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TABLE 1. Series 1: Experiments pairing sugar cubes with pure agar cubes. Preference (the proportion of sugar 
cubes consumed) was calculated for each bird. The mean preference for the 10 birds was tested against the 
null hypothesis of no preference (œ = 0.5) using a one-sample t-test. All values + SD. The same 10 birds 
were used in all experiments. 

Glucose 
Glucose Fructose Sucrose + fructose 

Preference for sugar cubes 0.80 + 0.16' 0.76 + 0.10' 0.80 + 0.12' 0.81 + 0.06* 
Total eaten (g) 11.5 + 3.3 14.6 + 5.4 23.6 + 7.8 10.8 + 3.6 
Refractometer reading of excreta a 4.0 + 0.7 4.5 + 1.1 12.1 + 2.6 3.4 + 0.9 

* Mean significantly greater than 0.5, P < 0.005, n = 10. 
• An estimate of percentage sugar in excreta. 

eaten per bird was 0.23 g (SD = 0.06 g). After this 
period we allowed birds to eat banana mash ad libitum. 
Excreta were collected from plastic sheets at the cage 
bottoms at 15, 30, 45, 75, 135, 195, and 255 min. After 
255 min, counts of 3I•I PEG in excreta were less than 

4 times background. Recovery of the PEG marker 
ranged from 72-96% (œ = 0.82 -- 0.09, n = 18). Excreta 
were counted for 3H and •4C using double-isotope 
procedures (see Karasov and Diamond 1983 for de- 
tails). Extraction efficiency was calculated by the in- 
ert-indicator ratio method (Karasov et al. 1986) as 

100 - 100[(dpmvEG/dpms,•ar)fooa 
x (dpn%us,r / dpmvm ) ....... ] 

where dpm is counts per rain in a scintillation count- 
er. 

Because all ingested PEG was excreted, an extrac- 
tion efficiency of 100% was obtained if (dpm•usar)ex,•,,a 
equals zero, and an efficiency of 0 was obtained if the 
ratio dpm•s•r/dpmv•e had the same value in excreta 
as in food. 

We obtained mean retention times for PEG by fit- 
ting the cumulative excretion as a function of time to 
the equation 

Y(t) = 1 - exp[-k(T•- t)], 

with a nonlinear least squares program (SAS proce- 
dure NLIN; SAS Institute). Y(t) is the cumulative pro- 
portion of marker after time t; T• is the transit time 
for the leading edge of the bolus; and k is the rate 
constant for excretion. An estimate of the mean res- 

idence time of marker particles in the digestive tract 
was estimated by summing the estimated value of the 
reciprocal of k with the estimated value of T• (Karasov 
et al. 1986, Penry and Jumars 1987). The reciprocal of 
the mean residence time is a measure of food passage 
rate (i.e. low mean residence times imply high pas- 
sage rates). Six birds were used in this experiment. 

Sucrase activity.--Three birds were anesthetized us- 
ing metaphane. After the small intestines were ex- 
cised the birds were killed. Small intestines were im- 

mediately chilled in ice cold 1.02% saline and scraped 
of mucosa with a glass slide. Mucosal samples for each 
bird were taken at proximal, medial, and distal sec- 
tions of the small intestine. Mucosal scrapings were 
homogenized (0.3-0.5 g in 6 ml of 1.02% saline) using 

a Brinkman Polytron homogenizer (25 s at setting # 
6) and the resulting suspension was stored in liquid 
nitrogen. Just prior to sucrase assays, the homoge- 
nates were thawed at 22øC and kept on ice. The pro- 
tein concentration of homogenates was measured us- 
ing the Bio-Rad kit (Bio-Rad, Richmond, CA), with 
gamma globulin standards. 

We assayed sucrase activities with a colorimetric 
method modified from Dahlquist (1984) and Trinder 
(1969). Briefly, the reaction was started by adding 33 
td of thawed mucosal homogenate plus 33 td sucrose 
stock (sucrose dissolved in 0.1 M sodium maleate buff- 
er pH 6.0 at various concentrations). After incubating 
at 39øC for 10 min, 1 ml stop/develop reagent stock 
was added to arrest the sucrase activity and to measure 
liberated glucose. Our stop/develop reagent was made 
by dissolving 1 bottle "Glucose (Trinder)-315-100" 
reagent powder (proprietary mixture of Sigma Chem- 
ical Co.) plus 50 ml 1.0 M Tris/HC1 (pH 7.0) and 50 
ml 0.5 M phosphate buffer (NaH•PO4/Na2HPO4, pH 
7.0). Blanks were prepared by separately incubating 
33 td mucosal homogenate at 39øC for 10 min, after 
which time 33 td sucrose stock plus 1 ml of stop/ 
develop reagent was added. The arrested reactions 
were then allowed to stand at 22øC for 18 min, at 
which time the absorbances were measured at 505 nm 

using a Beckman DU-7HS digital spectrophotometer. 
Glucose standards (0-40 t•g in 66 td of 0.1 M sodium 
maleate buffer, pH 6.0) were also similarly reacted 
with the stop/develop reagent. Based on absorbance 
measurements, sucrase activities were subsequently 
calculated as t•moles/(min.g protein), or t•moles/(min. 
cm of intestine). We estimated maximal sucrose hy- 
drolysis rates (V•x) and the binding constant for su- 
crase (K•, the concentration of substrate at which the 
rate of hydrolysis equals V•x/2) using a nonlinear 
routine (SAS procedure NLIN; SAS Institute) to fit 
Michaelis-Menten equations. This analysis was per- 
formed for each bird and for each segment of intes- 
tine. 

RESULTS 

Choice experiments: series /.--Birds strongly 
preferred sugar cubes over pure agar cubes (Ta- 
ble 1). Contrary to expectations, total consump- 
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TABLE 2. Series 1: Proportions of cubes dropped (+SD). 
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Glucose 
Glucose Fructose Sucrose + fructose 

Pure agar cubes 0.85 + 0.05 0.88 + 0.01 0.71 + 0.03 0.98 + 0.03 
Cubes with sugar 0.09 + 0.06 0.06 + 0.01 0.08 + 0.08 0.12 + 0.08 
Number of birds observed 2 4 4 4 

tion of cubes (sugar + pure agar cubes) was 
significantly higher for sucrose than for all the 
other sugars (sign tests, P < 0.01 in all cases; 
Table 1). The percentage of sugar in excreta was 
also significantly higher for sucrose than for all 
other sugars (sign tests, P < 0.01 in all cases; 
Table 1), suggesting a lower sucrose digestibil- 
ity. 

The birds picked up individual cubes and ma- 
nipulated them in their bills, repeatedly touch- 
ing the cubes with their tongues and then either 
swallowing or dropping them. Sugar cubes were 
almost always swallowed after having been 
picked from the tray, whereas pure agar cubes 
were almost always dropped (Table 2). 

Choice experiments: series 2.--When given a 
choice between sugars, Cedar Waxwings sig- 
nificantly preferred glucose and the mixture of 
glucose and fructose over both fructose and su- 
crose (Table 3). Glucose was not significantly 
preferred over the mixture. In a 1.5-h trial, the 
birds appeared to show no preference between 
fructose and sucrose. When a longer trial (3 h) 
was used, however, the birds significantly pre- 
ferred fructose over sucrose (preference for 
fructose = 0.59 + 0.13, t = 2.31, P < 0.05). The 
ranking of preferences therefore is: 

glucose = glucose + fructose > fructose 
• sucrose. 

As predicted, Cedar Waxwings preferred mono- 
saccharides over sucrose. 

In all tests involving sucrose vs. monosac- 
charides, the amount of sugar in excreta de- 

creased significantly as the preference of mono- 
saccharides increased (Fig. 1). This negative 
correlation suggests that birds preferring su- 
crose were assimilating less than birds prefer- 
ring monosaccharides. The total amount of cubes 
eaten was significantly higher in those birds 
preferring sucrose over monosaccharides; the 
total amount of cubes consumed in each trial 

was correlated positively with preference for 
sucrose (Fig. 2). 

Extraction efficiencies.--Extraction efficiencies 
by the 6 birds for both glucose (92 + 2%) and 
fructose (88 + 4%) were significantly higher 
than for sucrose, (61 _+ 1%) (paired t-tests, t = 
6.28 and t = 4.51, respectively, P < 0.05). The 
extraction efficiency of glucose appears higher 
than that of fructose, although the significance 
was marginal (t = 2.52, P = 0.053). Thus, ex- 
traction efficiencies were ranked in the same 

order as preferences. We had hypothesized that 
Cedar Waxwings would be sucrase-deficient and 
therefore unable to digest sucrose. This hy- 
pothesis was falsified by the estimated extrac- 
tion efficiency found for sucrose; Cedar Wax- 
wings were able to digest sucrose albeit less 
efficiently than glucose or fructose. 

The averages of mean residence times of PEG, 
and thus of water soluble food particles in the 
gut, were 41.5 min (+ 4.2, n = 6) for the glucose 
experiment, 41.3 min (+ 6.5, n = 6) for the fruc- 
tose experiment, and 39.1 min for the su- 
crose experiment (+ 6.2, n = 6). The frequency 
distribution of excreted PEG particles was a de- 
creasing function of time and was adequately 

TABLE 3. Preferences for sugars (left of matrix) over sugars available (top of matrix, series 2) in 1.5-h trials. 
Preference was the proportion of sugar (top of matrix) eaten. Preference was calculated for each bird and 
the mean preference for the 10 birds tested against the null hypothesis of no preference (i.e. a mean 
preference = 0.5) using one sample t-tests. 

Glucose Glucose + fructose Sucrose Fructose 

Glucose -- 0.54 + 0.19 n• 0.73 + 0.17' 0.72 + 0.09* 
Glucose + fructose -- -- 0.67 + 0.14' 0.70 + 0.17' 
Sucrose -- -- -- 0.55 + 0.19 "s 

* Mean significantly different from 0.5, P < 0.01, n = 10. 
"• Mean not significantly different from 0.5, P > 0.05. 
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rs = -0.80, P < 0.01), and a mixture of glucose and 
fructose (triangles, rs = -0.78, P < 0.01) were paired 
with sucrose. Each point represents an individual bird 
in 1 experiment (the same 10 birds were used in each 
experiment). Concentration is expressed as mass per 
unit mass of sucrose equivalents. 

described by exponential density functions (the 
coefficient of correlation for individual trials 

ranged from 0.84-0.95) (Fig. 3). 
Sucrase activity.--Because the extraction effi- 

ciency experiments indicated that Cedar Wax- 
wings were capable of digesting sucrose, it was 
not surprising to find sucrase activity in the 
mucosal preparations. The affinity of this en- 
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Fig. 3. Excretion of the inert marker PEG as a func- 
tion of time. Top: fraction of total PEG excreted dur- 
ing the previous interval; bottom: cumulative excre- 
tion. Each point is the weighted mean of 3 experiments; 
bars are SEs. Six birds were used in each experiment. 

zyme for sucrose as measured by Km did not 
vary appreciably among the three birds exam- 
ined or among the intestine segments (mean Km 
= 15.5 raM, ranging from 15.2-15.7 raM). The 
maximal rate of sucrose hydrolysis (Vmax) de- 
creased from the proximal to the distal seg- 
ments of the intestine regardless of whether 
sucrase activity was normalized to protein con- 
centration or tissue length (Fig. 4). Sucrose hy- 
drolysis increased with concentration in a typ- 
ically decelerating fashion (Fig. 5). 

DISCUSSION 

Previous studies have shown that birds can 

detect sugars (Levey 1987 and references there- 
in), but few have shown that taste is involved 
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Maximal sucrose hydrolysis (Vm=) as a 
function of intestinal position in Cedar Waxwings. 
Hydrolysis is standardized to grams of protein in ho- 
mogenate (top) and length of intestine (bottom). The 
value of Vm,x was estimated independently for each 
segment and each one of 3 birds using a nonlinear 
least squares routine. Bars are SEs. 

in sugar detection (Kate and Mason 1986). Ce- 
dar Waxwings were able to distinguish between 
cubes with and without sugars before swallow- 
ing them. Taste, therefore, is probably involved 
in their recognition of sugars. In short-term 
trials (1.5 h), Cedar Waxwings were also able to 
differentiate among different sugars. The cues 
used by birds to achieve this are unknown. Taste 
may have been important, but position and the 
texture of the cubes made with different sugars 
may also have been involved. Jacobs et al. (1978) 
have suggested that flavors, as well as other 
cues, serve as markers for what animals have 
learned about food items (see also Brower 1984). 

Total consumption of cubes was higher in the 
sucrose vs. pure agar trial than when hexoses 
were paired with pure agar; and preference for 
sucrose over monosaccharides was positively 
correlated with total consumption of cubes. 
These results indicate that birds feeding on su- 
crose or preferentially on sucrose were more 
stimulated to eat. Because sucrose is absorbed 

less efficiently than either glucose or fructose, 
the birds had to eat more to increase their ab- 

sorbed energy intake. 
Blood glucose level and its monitoring by 

brain glucoreceptors have been implicated in 
many theories of food intake control (Le Mag- 
nen 1985). High levels of blood glucose are usu- 
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Fig. 5. Sucrase activity in mucosal homogenates 
of Cedar Waxwings as a function of sucrose concen- 
tration. Relative sucrose hydrolysis was calculated 
from values of Vm,x that were independently esti- 
mated for each intestinal segment and each bird. The 
curve is a Michaelis-Menten equation calculated us- 
ing a V• of 100% and a K• of 15.5 mM; bars are SEs. 

ally associated with lowered food intake. The 
rate at which circulating glucose increases in 
Cedar Waxwings is probably higher after a glu- 
cose (or a glucose + fructose) meal than after a 
sucrose meal of equal size. Glucose and glucose 
+ fructose meals are probably more efficient at 
suppressing the feeding response ("hunger") 
than sucrose and are therefore preferred. 

The difference in absorption efficiency be- 
tween glucose and fructose was relatively small. 
Why Cedar Waxwings strongly preferred glu- 
cose and glucose + fructose over fructose is not 
clear. Rowland and Stricker (1979) have shown 
that intravenous infusions of fructose are less 

efficient than equicaloric infusions of glucose 
in suppressing insulin-induced feeding in rats. 
Fructose cannot cross the blood-brain barrier in 

mammals (Oldendoff 1971) and its effect in sup- 
pressing hunger may be less than that of glu- 
cose both in rats and in Cedar Waxwings. This 
hypothesis is supported by the observation that 
in 1.5-h trials, Cedar Waxwings did not prefer 
fructose over sucrose despite the more efficient 
absorption of fructose. The increase in blood 
glucose that follows the ingestion of fructose is 
delayed because fructose has to go through glu- 
coneogenesis in the liver to be modified into 
glucose (Pontremoli and Grazi 1968, Sestoft 
1983). The length of the delay in the blood glu- 
cose increase after a fructose meal is inversely 
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dependent on the levels of liver glycogen (Ses- 
toft 1983, Novin et al. 1985). This lag may ex- 
plain why fructose is preferred over sucrose in 
long-term (3 h) trials which permit glycogen 
accumulation but not in short term trials. 

Cedar Waxwings are able to digest sucrose, 
although the digestive efficiency of sucrose is 
less than that of glucose and fructose. The rea- 
sons Cedar Waxwings absorb monosaccharides 
more efficiently than the disaccharide sucrose 
is also obscure. The estimated mean retention 

times for Cedar Waxwings were extremely short 
(grand mean of all the experiments = 40.73 min; 
see also Holthuitzen and Adkisson 1984). Even 
mean retention times (49 +_ 3 min) in Rufous 
Hummingbirds (Selasphorus rufus) are longer 
(Karasov et al. 1986). The mass of Rufous Hum- 
mingbirds is ca. 3 g (Karasov et al. 1986) and 
that of Cedar Waxwings is about 30 g. In con- 
trast with Cedar Waxwings, hummingbirds 
show extremely high extraction efficiencies (ca. 
99%) when fed solutions of both monosaccha- 
rides and sucrose (Hainsworth 1974, Karasov et 
al. 1986). It may be that the extremely fast pas- 
sage rates of food in Cedar Waxwings impede 
the efficient digestion of a substrate such as su- 
crase that has to be hydrolyzed before it is ab- 
sorbed. Researchers have historically assumed 
that high food passage rates are a typical trait 
of frugivorous birds (Wetmore 1914, McKey 
1975, Moermond and Denslow 1985). This as- 
sumption has received surprisingly little em- 
pirical support, and data that compare passage 
rates of frugivorous birds with those of birds 
with other feeding habits are scant (but see Her- 
rera 1984). If high food passage rates are indeed 
typical of frugivores, and if fast passage rates 
hinder the digestion of sucrose relative to the 
digestion of hexoses, then we hypothesize that 
frugivorous birds are less efficient in digesting 
sucrose than in digesting glucose and fructose. 
Presumably, one consequence of the constraint 
imposed by high food passage rates is that fru- 
givorous birds prefer the monosaccharides glu- 
cose and fructose over sucrose. 

The patterns of sugar distribution in flowers 
and fruits are probably a result of the interac- 
tion between plants and the animals that pol- 
linate them and disperse their seeds. By ex- 
amining the mechanisms that govern the 
digestion of simple sugars and how they im- 
pinge on the behavioral preferences of birds, 
we may elucidate the factors that have produced 
these patterns. 

ACKNOWLEDGMENTS 

It is a pleasure to acknowledge the help of the 
following colleagues: Irene Baker who analyzed the 
"banana mash" for us and was the first one to suggest 
that the explanation for the patterns of sugar distri- 
bution in fruits and flowers had to be more compli- 
cated than simply the presence or absence of sucrase 
in birds; Bruce Stevens who helped in the design of 
the sucrase assay; Karen Bjorndal, Jane Brockmann, 
Lincoln Brower, and Pete Feinsinger, who carefully 
read and criticized previous versions of the paper; 
and Daryl Harrison who drafted the figures. Martinez 
del Rio was supported by scholarship 44930 from 
CONACyT, Mexico. This resarch was supported in 
part by NSF grant BSR8452089 to W. H. Karasov. 

LITERATURE CITED 

BAKER, H. G., & I. BAKER. 1982. Chemicalconstituents 

of nectar in relation to pollination mechanisms 
and phylogeny. Pp. 131-171 in Biochemical as- 
pects of evolutionary biology (M. H. Nitecki, Ed.). 
Chicago, Univ. Chicago Press. 

ß & . 1983. Floral nectar sugar constit- 
uents in relation to pollinator type. Pp. 117-141 
in Handbook of pollination biology (C. E. Jones 
and R. J. Little, Eds.). New York, Scientific and 
Academic Editions. 

, & --. 1986. Relations of the sugars of 
fruit juices to pollination by birds (Abstract). IV 
Int. Congress Ecol., Syracuse, New York. 

, & P. H. HURD. 1968. Intrafloral ecology. Ann. 
Rev. Entomol. 13: 385-414. 

]3ROWER, L.P. 1984. Chemical defence in butterflies. 

Pp. 109-134 in The biology of butterflies (R. I. 
Vane-Wright and P. R. Ackery, Eds.). London, 
Academic Press. 

CHAN, H. T., & S.C. M. KWOK. 1975. Identification 

and determination of sugars in some tropical food 
products. J. Food Sci. 443: 171-186. 

CRUDEN, R. W., & V. M. TOLEDO. 1977. Oriole pol- 
lination of Erythrina brevifiora (Leguminosae): evi- 
dence for a polytypic view of ornithophily. Plant 
Syst. Evol. 126: 393-403. 

DAHLQUIST, A. 1984. Assay of intestinal disacchari- 
dases. Scandinavian J. Clin. Lab. Invest. 44: 169- 
172. 

DENSLOWß J. S., D. J. LEVEY, T. C. MOERMOND, & ]3. C. 
WENTWORTH. 1987. A synthetic diet for fruit- 
eating birds. Wilson Bull. 99: 131-134. 

HAINSWORTH, F.R.. 1974. Food quality and foraging 
efficiency. J. Comp. Physiol. 88: 425-431. 

ß & L. L. WOLF. 1976. Nectar characteristics 

and food selection by hummingbirds. Oecologia 
25: 101-113. 

HERP, ERA, C. M. 1984. Adaptations to frugivory of 
mediterranean avian seed dispersers. Ecology 65: 
609-617. 

HOLTHVIJZEN, M. A., & C. S. ADKISSON. 1984. Passage 



January 1989] Sugar Preferences in Cedar Waxwings 71 

rate, energetics, and utilization efficiency of the 
Cedar Waxwing. Wilson Bull. 96: 680-684. 

HOWELL, D. 1979. Bats and pollen: physiological as- 
pects of the syndrome of chiropterophily. Comp. 
Biochem. Physiol. 48A: 263-276. 

INOUYE, D. W., N. D. FAVRE, J. A. LANUM, D. M. LEVINEß 
J. B. MEYERS, M. S. ROBERTSß F. S. TSAO, & Y-Y. 
W,XNG. 1980. The effects of non-sugar constit- 
uents on estimates of nectar energy content. Ecol- 
ogy 61: 992-996. 

JACOBS, W. W., G. K. BEAUCHAMP, • M. R. KARE. 1978. 

Progress in animal flavor research. ACS syrup. 
ser. 67: 1-20. 

KAR•SOV, W. H., & J. M. DIAMOND. 1983. A simple 
method for measuring solute uptake in vitro. J. 
Comp. Physiol. B 152: 105-116. 

., D. PHANG, J. M. DIAMOND, & F. L. CARPENTER. 
1986. Food passage and intestinal nutrient ab- 
sorption in hummingbirds. Auk 103: 453-464. 

KARE, M. R., R. BLACK, & E.G. ALLISON. 1957. The 

sense of taste in the fowl. Poultry Science 36: 129- 
138. 

ß & J. R. MASON. 1986. The chemical senses 
in birds. Pp. 59-75 in Avian physiology (P. D. 
Sturkie, Ed.). New York, Springer Verlag. 

LE MAGNEN, J. 1985. Hunger. Cambridge, Cam- 
bridge Univ. Press. 

LEVE¾, D.J. 1987. Sugar-tasting ability and fruit se- 
lection in tropical fruit-eating birds. Auk 104: 
173-179. 

MARTIN, A. C., H. S. ZIM, & A. L. NELSON. 1951. 

American wildlife and plants: a guide to wildlife 
food habits. New York, Dover Publ. Inc. 

MARTINEZ DEL RIO, C., B. R. STEVENs, D. E. DANEKE, & 
P. T. ANDREADIS. 1988. Physiological correlates 
of preference and aversion for sugars in three 
species of birds. Phys. Zool. 61: 222-229. 

McKE¾, D. 1975. The ecology of coevolved seed dis- 
persal systems. Pp. 159-191 in Coevolution of an- 
imals and plants (L. E. Gilbert and P. H. Ravenß 
Eds.). Austin, Univ. Texas Press. 

MOERMOND, T. C., & J. S. DENSLOW. 1985. Neotrop- 
ical frugivores: patterns of behavior, morphology 

and nutrition with consequences for fruit selec- 
tion. Pp. 865-897 in Neotropical ornithology (P. 
A. Buckley, M. S. Foster, E. S. Morton, R. S. Ridge- 
ly, and N. G. Smith, Eds.). A.O.U. Ornithol. 
Monogr. 36. 

NOVIN, D., K. ROBINSON, L. A. CULBRETH, & M. G. 
TORDOFF. 1985. IS there a role for the liver in 

the control of food intake? Am. J. Clin. Nutr. 42: 
1050-1062. 

OLDENDOR•, W. H. 1971. Brain uptake of radiola- 
beled amino acids, amines, and hexoses after ar- 

terial ingestion. Am. J. Physiol. 221: 1629-1639. 
PENRY, D. L., & P. A. JUMARS. 1987. Modeling animal 

guts as chemical reactors. Am. Nat. 129: 69-96. 
PONTREMOLI, S., & E. GRAZI. 1968. Gluconeogenesis. 

Pp. 259-295 in Carbohydrate metabolism and its 
disorders (F. Dickens, P. J. Randie, and W. J. Whe- 
lan, Eds.). New York, Academic Press. 

ROWLAND, N., & E. M. STRICKER. 1979. Differential 

effects of glucose and fructose infusions on in- 
sulin-induced feeding in rats. Physiol. Behav. 22: 
387-389. 

SCHULER, W. 1983. Responses to sugars and their 
behavioral mechanisms in the starling (Sturnus 
vulgaris). Behav. Ecol. Sociobiol. 13: 243-251. 

SESTOFT, L. 1983. Fructose and health. Pp. 39-54 in 
Nutrition update (J. Weininger and G. M. Briggs, 
Eds.). New York, John Wiley and Sons. 

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

SUNSHINE, P., & N. KRETCHMER. 1964. Intestinal di- 

saccharidases: absence in two species of sea lions. 
Science 144: 850-851. 

TRINDER, P. 1969. Determination of glucose in blood 
using glucose oxidase with an alternative oxygen 
acceptor. Ann. of Clin. Biochem. 6: 24-29. 

WETMORE, A. 1914. The development of the stomach 
in euphonias. Auk 31: 458-461. 

WHITE, D. W., & E. W. STILES. 1985. The use of re- 

fractometry to estimate nutrient rewards in ver- 
tebrate-dispersed fruits. Ecology 66: 303-307. 


