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THE CYANOGENIC GLYCOSIDE AMYGDALIN DOES NOT DETER
CONSUMPTION OF RIPE FRUIT BY CEDAR WAXWINGS
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ABSTRACT.—Cyanogenic glycosides are common secondary compounds in ripe fruits that
are dispersed by birds. These substances are toxic to some mammals. We examined the re-
pellent effect of amygdalin, a cyanogenic glycoside, on Cedar Waxwings (Bombycilla cedro-
rum). Amygdalin did not reduce food ingestion in Cedar Waxwings, even at relatively high
concentrations. In addition, these birds did not exhibit preference for amygdalin-free over
amygdalin-containing fruit. Cedar Waxwings given artificial food that contained four times
the amount of amygdalin found in some wild fruits ingested the equivalent of 5.5 times the
oral lethal dose for rats in 4 h without exhibiting any external signs of toxicity. Amygdalin
ingestion appeared to have a negative effect on nitrogen retention and food assimilation.
However, when nitrogen retention and food assimilation were recalculated assuming that
all amygdalin ingested was excreted intact, these negative effects disappeared. The presence
of large amounts of unhydrolyzed amygdalin in the excreta of waxwings fed on amygdalin-
laced food confirmed our conjecture that amygdalin was excreted intact. We hypothesize
that in Cedar Waxwings, amygdalin is absorbed in the intestine but is not hydrolyzed by
endogenous enzymes and thus is excreted intact in urine. The apparent lack of repellent
effects of amygdalin in Cedar Waxwings suggest that toxicity data for rats and humans may
be a poor predictor for the deterrent effect of fruit secondary compounds on frugivorous
birds. Many hypotheses that have been posed to explain the presence of secondary com-
pounds in ripe fruit assume that these substances have repellent/ toxic effects on avian seed
dispersers. For some compounds, such as amygdalin and other cyanogenic glycosides, this

assumption may not be valid. Received 6 May 1998, accepted 4 January 1999.

RESEARCH ON THE INTERACTIONS between
fruit-eating birds and plants has emphasized
traits that serve as seed-disperser attractants.
The ecological and evolutionary correlates of
fruit color (Willson et al. 1990) and nutrient
composition (Martinez del Rio 1994) have re-
ceived considerable attention. The traits that
serve to attract avian seed dispersers, however,
also can serve to attract fruit parasites that con-
sume and destroy fruit without achieving seed
dispersal (Cipollini and Levey 1997a). It has
been hypothesized that the secondary com-
pounds often found in ripe fruit serve to deter
fruit consumers that do not disperse seeds,
such as insects, fungi, and terrestrial verte-
brates (Janzen 1977). These observations point
to a paradox: how can plants attract some or-
ganisms while deterring others?

Cipollini and Levey (1997a) assembled a set
of hypotheses that can help to explain this ap-
parent paradox. They recognized that not all
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secondary compounds are toxic to seed dis-
persers and that some may even provide for-
aging cues (the attraction/association hypoth-
esis). However, several of Cipollini and Levey’s
(1997a) hypotheses assume that secondary
compounds in fruit have negative effects on
seed dispersers. These negative effects can re-
sult from toxicity (the attraction/repulsion hy-
pothesis), from a reduction in protein assimi-
lation (the protein-assimilation hypothesis), or
from laxative or constipative effects (the gut re-
tention-time hypothesis). A common feature of
these hypotheses is that the negative physio-
logical effects of plant secondary compounds
on seed dispersers benefit plants through in-
creased dispersal and/or germination (see Ci-
pollini and Levey 1997a). In addition, one of Ci-
pollini and Levey’s hypotheses suggests that
some compounds act in a selective fashion.
Their ““directed toxicity’’ hypothesis postu-
lates the existence of secondary compounds in
ripe fruit that deter some animals (fruit para-
sites, presumably) but either attract or have no
toxic effect on others (mutualistic seed dispers-
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ers, presumably). This hypothesis assumes that
compounds in fruit can have contrasting effects
among consumers. Because secondary com-
pounds in ripe fruit are very diverse, evidence
in favor of (or against) these hypotheses has
been largely indirect. Only Cipollini and Lev-
ey’s (1997b, c) work on glycoalkaloids and Ci-
pollini and Stiles (1993) research on the phe-
nolics of ericaceous fruits have explored the ef-
fects of a group of plant secondary chemicals
on a diverse group of fruit consumers.

Our study focuses on amygdalin, a cyano-
genic glycoside found in fruits of the Rosaceae
and Caprifoliaceae (Jensen and Nielsen 1973,
Majak et al. 1981, Swain et al. 1992). Although
cyanogenic glycosides appear to be ubiquitous
in ripe fruits (Davis 1991, Barnea et al. 1993),
their effect on the avian seed dispersers that
consume these fruits are unknown. Excessive
ingestion of cyanogenic glycoside-containing
food can have severe toxic consequences for
some mammals (Newton et al. 1981). Yet, birds
can consume prodigious amounts of fruits con-
taining cyanogenic glycosides. For example,
Sambucus nigra contains several cyanogenic
glycosides with potentially toxic effects to fruit
consumers, including humans (Pogorzelski
1982, McGuffin et al. 1997). However, crude ex-
tracts from Sambucus fruits appear to stimulate
fruit consumption and to promote mass gain in
Garden Warblers (Sylvia borin; Bairlein 1996).
Although many cyanogenic glycosides have
been identified in fruit pulp, we used amyg-
dalin as a ““model cyanogenic glycoside’” be-
cause it is readily available in pure form off the
shelf and because its effects on mammals have
been relatively well investigated (Newton et al.
1981).

Cyanogenic glycosides are toxic to consum-
ers through two possible mechanisms. In some
plant tissues (i.e. seeds of Rosaceae), cyanogen-
ic glycosides and the enzymes that are respon-
sible for their hydrolysis are present in differ-
ent cell and/or tissue compartments (Poulton
and Li 1994). Tissue damage by consumers
leads to mixing of cyanogenic substrates with
these enzymes and to the release of cyanide
(Poulton 1990, Zheng and Poulton 1995). In-
gestion of unhydrolyzed cyanogenic glyco-
sides, however, can result in cyanide poisoning
when these substances are hydrolyzed by B-
glucosidases of the consumer or of its gastro-
intestinal microbes (Basu 1983, Adewusi and
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Oke 1985, Frakes and Sharma 1986, Gopolan et
al. 1992).

Cyanogenesis resulting from tissue damage
does not seem to occur in ripe fruit. Fruit pulp
that contains cyanogenic glycosides can lack
hydrolytic enzymes that produce cyanogenesis
(Frehner et al. 1990). Studies have shown that a
fraction of the cyanogenic glycosides amygda-
lin and prunasin is transported intact in intes-
tines of guinea pigs, hamsters, and rats and is
hydrolyzed by their livers (Gopolan et al.
1992). Because hydrolysis in the liver after in-
testinal absorption results in cyanogenesis, in-
gestion of unhydrolyzed cyanogenic glycosides
can produce toxic effects.

We investigated whether amygdalin deters
fruit consumption in a highly frugivorous
North American bird, the Cedar Waxwing
(Bombycilla cedrorum). Cedar Waxwings ingest
large amounts of fruits that contain cyanogenic
glycosides such as cherries (Prunus spp.) and el-
derberries (Sambucus spp.; Witmer 1996). To ex-
plore the deterrent effect of amygdalin, we ex-
posed birds to artificial fruits containing vari-
ous levels of this substance and measured
whether its presence resulted in reduced fruit
consumption. To determine whether amygda-
lin reduces the relative attractiveness of fruit,
we offered Cedar Waxwings a choice between
artificial fruits with and without amygdalin.
We found that even at high concentrations,
amygdalin had no deterrent effect on Cedar
Waxwings and did not reduce fruit attractive-
ness.

Ingestion of plant secondary compounds can
lead to serious energetic costs and can affect ni-
trogen balance (Guglielmo et al. 1996). Ani-
mals detoxify cyanide via several mechanisms.
Some animals use the enzyme rhodanase to
convert cyanide into thiocyanate (Way 1984).
This mechanism is facilitated by the presence of
thiosulfate, which is synthesized from by-prod-
ucts of sulphur amino acid catabolism (Davis et
al. 1988). Thus, even if animals are capable of
detoxifying cyanide from cyanogenic glyco-
sides, detoxification can have a negative effect
on energy and nitrogen balance. To investigate
this possibility, we measured the effects of
amygdalin in fruit on the nitrogen balance of
Cedar Waxwings.

METHODS

Experiments were done on 12 (3 males, 9 females)
adult waxwings (body mass, ¥ = 34.5 = SD of 1.3 g).
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TaBLE 1. Composition of amygdalin-free artificial
food fed to Cedar Waxwings. Diet components
were reagent grade (Sigma, St. Louis). The four
levels of amygdalin content used in our experi-
ments were made by adding 114, 228, 914, and
1,828 mg of this substance to 100 g of the mix.

Concentration
(g per 100 g
Component wet fruit)
Agar 1.33
Casein 0.64
Fructose 6.90
Glucose 6.90
Olive oil 0.64
Starch 0.64
Sodium chloride 0.12
Dicalcium phosphate 0.12
Vitamin mix? 0.12
Water 83.90
* Avitron.

Birds were housed individually in stainless steel cag-
es (front, 0.3 X 0.5 m; back, 0.5 X 0.5 m). Tempera-
ture (24°C) and photoperiod (12L:12D) were main-
tained constant. Birds were fed a banana-based syn-
thetic maintenance diet (Denslow et al. 1987) ad li-
bitum, and water was available at all times. For
experiments, we offered birds artificial agar fruits
with nutrient composition that mimicked that of ripe
fruit pulp (Witmer 1998; Table 1). Briefly, agar and
nutrients were added to boiling water and the re-
sulting mixture was spread in shallow trays and re-
frigerated (4°C). Cubes (ca. 0.5 X 0.5 X 0.5 cm) were
cut from the trays after the nutrient-agar mixture so-
lidified. Waxwings maintain body mass when fed ad
libitum on this artificial diet.

We conducted two experiments to examine the ef-
fects of amygdalin on fruit consumption and ac-
ceptability. We compared consumption of amygda-
lin-free artificial fruits with consumption of fruits
containing increasing levels of amygdalin in no-
choice tests (Experiment 1). We also examined the
preference of birds for amygdalin-free over amyg-
dalin-laced food. Amygdalin (Sigma, St. Louis) was
added to the agar-nutrient mixture before mixing
with boiling water. Because amygdalin is very resis-
tant to heat (Rahway 1989), exposure to boiling wa-
ter does not affect its toxicity.

Experiment 1.—Birds were fasted overnight and
then offered artificial fruit at the onset of the light
period. Birds were given amygdalin-free fruit on
days 1 and 2 and were offered fruit containing var-
ious levels of amygdalin on days 3 and 4. We used
0.25, 0.5, 2, and 4 times the levels found in ripe fruit
of Prunus serotina (4.5 mg/ g fresh mass; Swain et al.
1992). These four levels spanned from 0.11 to 1.83%
of the wet mass of the artificial diet (Table 1). Three
birds were randomly assigned to each concentration.
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Daily trials lasted 4 h, after which food was removed
and consumption measured. After 1 h, all excreta
produced during the trials were collected and stored
frozen at —20°C. After excreta were collected, the
maintenance diet was given to birds for the remain-
der of the light period. In this experiment, we ex-
pected that birds offered amygdalin-laced food
would decrease their consumption relative to control
levels. In addition, we expected the birds to show a
dose-dependent decrease in intake relative to con-
trols as amygdalin content in food was increased.

Experiment 2.—Our second experiment investigat-
ed whether amygdalin reduced the relative accept-
ability of fruit. We offered birds a paired choice be-
tween amygdalin-free artificial fruits and fruits con-
taining four times the level of amygdalin found in
wild fruit (18.3 mg/g). We used two food colors that
mimicked those found in natural fruits eaten by wax-
wings (blue and red, McCormic food coloring) to dis-
tinguish between food dropped by birds during
choice tests. Each bird received two adjacent cups
containing blue and red fruit, respectively. Half of
the birds received blue-colored fruits laced with
amygdalin (red fruit was amygdalin-free), and the
other half received red-colored fruits laced with
amygdalin (blue fruit was amygdalin-free). The po-
sition (e.g. left vs. right) of the amygdalin-treated
diet was switched on day 2. As in the first experi-
ment, trials lasted 4 h. After each trial, food was re-
moved and consumption measured. The banana diet
was given to the birds for the remainder of the light
period. Preference for amygdalin was measured as
the ratio of amygdalin-containing fruit consumed to
total food consumption. We estimated preference for
or against amygdalin as the ratio of intake of amyg-
dalin-containing fruits to total intake. We tested
preference by comparing this ratio to 0.5, which is
the indifference ratio indicating equal consumption
of amygdalin-containing and amygdalin-free fruit.

Effects of amygdalin on assimilation and nitrogen bal-
ance.—To evaluate the effect of amygdalin on food
assimilation, we calculated apparent assimilated
mass coefficients (AMC?) for the trials of experiment
1 following Karasov (1990):

AMC* = (dry mass ingested — dry mass excreted)/
(dry mass ingested). (1)

AMC* varies from 0 (no assimilation) to 1 (complete
assimilation). We examined the effect of amygdalin
on nitrogen budgets by regressing nitrogen excretion
against nitrogen intake (Robbins 1992). The intercept
of this relationship estimates minimum nitrogen ex-
cretion for nitrogen-free diets, and the slope is neg-
atively related to the “retention”” of nitrogen (Rob-
bins 1992). High values of the slope indicate poor re-
tention of nitrogen, whereas low slopes indicate high
nitrogen retention. Amygdalin contains 2.79% nitro-
gen by dry mass. Thus, the intercept of nitrogen ex-
cretion versus nitrogen intake relationships does not
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vary with amygdalin content in food. To test the ef-
fect of amygdalin on nitrogen budgets, we compared
among the slopes of nitrogen intake-excretion re-
gressions using analysis of covariance (ANCOVA).
These regressions were calculated with a common
intercept. Nitrogen determinations were done with
an elemental analyzer on finely ground freeze-dried
samples.

Our measurements of AMC* and nitrogen balance
were conducted over 4 h rather than 24 h (Robbins
1992). Thus, they cannot be interpreted as steady-
state estimates of assimilation efficiency and nitro-
gen economy. We use them only as relative indices of
the effect of amygdalin on digestive performance
and nitrogen requirements. Thiocyanate, the by-
product of cyanide detoxification, contains the same
amount of nitrogen as amygdalin per molecule (Ma-
jak 1992). The thiocyanate molecule also contains
sulphur (Conn 1979). Thus, the detoxification of cy-
anide and the subsequent excretion of thiocyanate is
accompanied by significant excretion of sulphur. To
examine the possibility that Cedar Waxwings detox-
ified cyanide using the thiocyanate pathway, we
measured the sulphur concentration in excreta with
an elemental analyzer.

Do Cedar Waxwings excrete amygdalin intact?—Data
on assimilation efficiency and nitrogen balance sug-
gested that amygdalin was excreted unhydrolyzed
by Cedar Waxwings (see below). To test this, we mea-
sured amygdalin content in food and in excreta col-
lected in experiment 1. Amygdalin content was es-
timated from changes in color in picrate paper after
HCN was liberated enzymatically (Woodhead and
Bernays 1978). The color of Picrate paper changes
from bright yellow to vermillion in the presence of
HCN. We made picrate paper strips (0.5 X 7 cm) by
dipping number 1 Whatman filter paper in a picrate
(6.5 g per L) solution made alkaline with anhydrous
Na,CO; (50 g per L). Paper strips were allowed to dry
before use. Approximately 200 mg (* 5 mg) of food
or feces were placed in glass culture tubes (12 X 75
mm), and HCN from amygdalin was liberated by ad-
dition of 1 mL of emulsin solution (1 mg/mL B-glu-
cosidase) in 0.2 M phosphate buffer (NaH,PO4/
Na,HPO,, pH 7). Tubes were stoppered tightly and
incubated for 20 h at 21°C. Color was stable after this
interval. We estimated amygdalin using a logarith-
mic scale, with cyanogenic scores ranging from 1
(0.625 mg of amygdalin) to 5 (10 mg of amygdalin).
Because visual inspection of color in picrate paper is
inaccurate, and because color saturates at high cya-
nide concentrations (>0.22 mmoles), our estimates
of amygdalin levels can be used for comparisons
among treatments but not for quantitative estima-
tion.

REsuLTS

Experiment 1.—Because food intake did not
differ between days 1 and 2 when birds were
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FiG. 1. Lower panel: relationship between food

intake and amygdalin content. Dotted line is average
intake of amygdalin-free food (10.8 * 2.3 g per 4 h).
Note that food consumption did not decrease with
amygdalin content. Upper panel: because food in-
take did not decrease with amygdalin content,
amygdalin intake increased linearly (y = 0.001 +
0.016x, r = 0.96, n = 36) with content. Open and
closed symbols represent days 3 and 4 of experiment
1, respectively, except for zero level of amygdalin
content in food.

fed amygdalin-free food (paired ¢t = 0.9, P >
0.1), we used the average of these two days as
an estimate of average food consumption.
Mean food consumption of birds fed artificial
fruits without amygdalin was 10.8 + SD of 2.3
g per 4 h. Contrary to our predictions, birds did
not exhibit a dose-dependent decrease in food
intake when fed artificial fruit with amygdalin
(day 3, r, = 0.07; day 4, r, = 0.09, P > 0.50; Fig.
1). Because birds did not decrease food con-
sumption as amygdalin concentration in food
increased, amygdalin intake increased linearly
with increased amygdalin content in food (2 =
0.91; Fig. 1). Birds fed a diet of artificial fruit
containing the highest amygdalin level (18.28
mg/g)ingested 139.5 + 104.5 mg of amygdalin
in 4 h. This amount equals approximately five
times the 50% lethal oral dose (LD,;) for rats
(800 mg/kg; Adewusi and Oke 1985).
Experiment 2.—Because birds exhibited no
difference in preference between days 1 and 2
(paired t = 0.094, P > 0.50) we used the average
preference in these two days as an estimate of
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FIG. 2. Lower panel and open symbols: effect of
amygdalin on assimilation efficiency as estimated by
apparent assimilated mass coefficients (AMC¥).
AMC* decreased linearly with amygdalin content in
food (y = 0.934 — 0.005x, r = 0.80, n = 36). Upper
panel and closed symbols: when it is assumed that
all the dry mass of amygdalin ingested is excreted
intact, AMC* of the amygdalin-free fraction of food
did not decrease with amygdalin content in food and
did not differ significantly from AMC* of amygda-
lin-free food (stippled line; AMC* = 0.93 = 0.13).

preference for amygdalin. The absence of a
preference from day 1 to day 2 of this experi-
ment indicates that birds did not show side bi-
ases (Jackson et al. 1998). Birds strongly pre-
ferred red food (preference = SD = 0.9 = 0.2)
over blue food (0.2 = 0.4; F = 18.3, df = 1 and
11, P < 0.01), but exhibited no significant pref-
erence for (or against) amygdalin (0.6 * 0.4, ¢
= 0.65, P > 0.50).

Effects of amygdalin on assimilation efficiency
and nitrogen balance—Apparent assimilated
mass coefficients decreased linearly with in-
creased amygdalin content in food (r> = —0.64,
P < 0.01; Fig. 2). Amygdalin content had a sig-
nificant effect on the slope of nitrogen intake-
excretion relationships (ANCOVA on slopes, F
=3.7,df =4 and 27, P < 0.05; Fig. 3). The slope
of the nitrogen intake-excretion regressions in-
creased with increased amygdalin content in
food (Fig. 4). Thus, it appeared that amygdalin
decreased nitrogen retention in a dose-depen-
dent fashion.

The apparent effect of amygdalin on assim-
ilation efficiency and nitrogen retention must
be tempered by two observations: (1) the effi-
ciency with which amygdalin is absorbed by
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FiG. 3. Lower panel: relationship between nitro-
gen intake and nitrogen excretion in Cedar Wax-
wings fed on an artificial diet containing different
amygdalin contents. Contents are identified by dif-
ferent symbols. Regression lines were constructed
for the two extremes of amygdalin content (0 and
18.28 mg/ g). Upper panel: nitrogen intake-excretion
relationship for the amygdalin-free component of
diet. This relationship was obtained assuming that
all nitrogen ingested in amygdalin is excreted. Note
that amygdalin content has the effect of increasing
the slope of the nitrogen intake-excretion relation-
ship. When the effect of amygdalin is removed,
amygdalin has no significant effect on the nitrogen
intake-excretion relationship, and the data are ade-
quately described by a single regression line (y =
0.0005 + 0.358x, r = 0.72, n = 36).

birds is unknown, and (2) amygdalin contains
nitrogen. Consequently, it is possible that the
effects of amygdalin on assimilation and nitro-
gen retention simply were the result of amyg-
dalin being excreted intact. If Cedar Waxwings
do excrete amygdalin intact, then an increase in
the amygdalin content of food would lead to a
decrease in both assimilation efficiency and ni-
trogen retention.

To explore the feasibility of this alternative,
we reanalyzed our assimilation and nitrogen
balance data, assuming that all of the ingested
amygdalin was excreted. When AMC* was re-
calculated by removing dry mass of amygdalin
ingested from intake and excretion, AMC* did
not decrease significantly with amygdalin con-
tent in food (r, = 0.04, P > 0.5; Fig. 2). In ad-
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FiG. 4. Relationship between estimated slopes of
the nitrogen intake-excretion relationship and amyg-
dalin content in food. Slopes were estimated by AN-
COVA on a model with a common intercept. Bars are
standard errors.

dition, AMC* of food with various amygdalin
levels did not differ significantly from AMC* of
food with no amygdalin (ANOVA, F = 0.6, df
= 4 and 31, P > 0.50; Fig. 2). A similar result
was found for protein balance. When we ac-
counted for the contribution of amygdalin’s ni-
trogen to nitrogen intake and excretion, the
slopes of the nitrogen intake-excretion relation-
ship did not differ with amygdalin content
(ANCOVA on slopes, F = 0.2, df = 4 and 27, P
> 0.50; Fig. 3).

Sulphur excretion.—We found no detectable
sulphur in the feces of Cedar Waxwings. Be-
cause our instrument was not set up to detect
trace amounts of sulphur (less than 100 ppm),
our observations do not prove that no sulphur
occurred in excreta. Rather, they indicate that
Cedar Waxwings were not excreting the
amounts of sulphur expected if they were us-
ing the thiocyanate pathway to detoxify cya-
nide.

Do Cedar Waxwings excrete amygdalin intact?—
Data on assimilation efficiency and nitrogen
balance suggested that amygdalin was excret-
ed unhydrolyzed by Cedar Waxwings. This no-
tion is supported by the presence of large
amounts of unhydrolyzed amygdalin in excre-
ta (Fig. 5). Excreta contained significantly more
amygdalin than food at all but the highest ex-
perimental concentrations (paired t > 4.5, P <
0.01, n = 5). The lack of a significant difference
between food and excreta for food containing
high concentrations of amygdalin is the result
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FIG. 5. Average amygdalin content in food (open
bars) and excreta (black bars) in Cedar Waxwings fed
on an artificial diet laced with different amygdalin
contents. The chemical formula represents amygda-
lin. Bars are standard deviations calculated from cy-
anogenic scores. Because we estimated amygdalin
content using visual scores (left scale), the scale at
the right side of the graph should be considered an
approximation.

of color saturation in our assay at high concen-
trations of cyanide.

DiscussioN

Amygdalin and food intake.—Amygdalin did
not reduce food intake in Cedar Waxwings, and
these birds showed no significant aversion for
amygdalin-laced relative to amygdalin-free
food. Cedar Waxwings ingested the equivalent
of five times the oral LD,, estimated for rats
with no apparent ill effects. Because LD;, is es-
timated with a single dose, whereas exper-
imental waxwings ingested amygdalin over a
4-h period, our measurements are not strictly
comparable to the toxicity of amygdalin esti-
mated for rats. However, this comparison em-
phasizes the ability of Cedar Waxwings to tol-
erate high levels of amygdalin without exhib-
iting external toxic effects. Sublethal doses of
amygdalin in rats and humans lead to tremors,
motor ataxia, and paralysis (Basu 1983). The
lack of acute toxic effects of amygdalin in birds
is also demonstrated by the absence of prefer-
ence of Cedar Waxwings for amygdalin-free
over amygdalin-laced fruits. Birds are sensitive
to toxic substances and are capable of rapidly
developing aversions against substances that
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produce even relatively mild physiological dis-
comfort (Clark et al. 1991).

Amygdalin did not appear to produce any
long-term effects on waxwings. Experimental
birds maintained body mass and survived in
good health for several months after the exper-
iments were conducted. Birds were indifferent
to concentrations of amygdalin that were four
times higher than those found in wild fruits.
Thus, it appears that the amount of amygdalin
normally found in wild fruit has no deterrent
effect on Cedar Waxwings. The presence of
amygdalin in fruit pulp may not reduce fruit
consumption in birds, even at relatively high
concentrations. The lack of deterrent effects of
amygdalin on Cedar Waxwing poses two ques-
tions. Why does amygdalin appear to be non-
toxic to Cedar Waxwings but toxic to some
mammals (e.g. guinea pigs, hamsters, humans,
and rats)? What is the biological function, if
any, of amygdalin in fruit pulp?

Why is amygdalin nontoxic to Cedar Wax-
wings?—The ingestion of cyanogenic glyco-
sides can have a toxic effect because their hy-
drolysis by intestinal microorganisms or en-
dogenous enzymes releases cyanide. Cyanide
prevents oxygen utilization by the inhibition of
cytochrome oxidases (Majak 1992). If cyano-
genic glycosides are not hydrolyzed, their in-
gestion has minimal or no consequences be-
cause they are absorbed, usually with high ef-
ficiency in the intestine, and voided intact in
urine (Barrett et al. 1977, Majak 1992). The var-
iation in toxicity of ingested cyanogenic gly-
cosides observed among animals can be ex-
plained by differences in three processes: (1)
the relative importance of fermentative versus
non-fermentative processes in digestion; (2)
variation in the expression of endogenous §-
glucosidases that are responsible for the release
of cyanide; and (3) variation in the ability of an-
imals to detoxify cyanide. Because gut micro-
organisms possess active B-glucosidases, in-
gestion of cyanogenic glycosides appears to
have more severe toxic effects on animals with
significant fermentative digestion than on non-
fermenters (Majak 1991). In non-fermenters, a
significant fraction of ingested cyanogenic gly-
cosides can be excreted intact (Barrett et al.
1977). Because fermentative processes play a
negligible role in the digestive function of Ce-
dar Waxwings, cyanide production in their
guts is unlikely.
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Cedar Waxwings may not be sensitive to
amygdalin because (1) they do not absorb it in
the intestine; (2) their levels of endogenous B-
glucosidases are so low that absorbed amyg-
dalin is not hydrolyzed; or (3) they have effec-
tive detoxification mechanisms. The absence of
an effect of amygdalin on nitrogen balance in
Cedar Waxwings does not allow discrimination
among these three hypotheses. Quantitative in-
creases in nitrogen excretion can result from
the lack of assimilation of amygdalin, from ex-
cretion of unhydrolyzed amygdalin, or from
excretion of detoxification by-products. Be-
cause sulphur excretion in Cedar Waxwings
fed amygdalin was negligible, it is unlikely that
waxwings used the thiocyanate pathway to de-
toxify cyanide. When we estimated corrected
apparent assimilation efficiency by assuming
that all ingested amygdalin was voided, we
found that assimilation efficiency of the amyg-
dalin-free fraction of food was not affected by
the presence of amygdalin. This observation,
and the lack of significant sulphur excretion,
suggest that Cedar Waxwings excrete either
unassimilated fecal amygdalin or unhydro-
lyzed urinary amygdalin. Higher amygdalin
content in excreta than in food indicates that
amygdalin was ‘‘concentrated” and thus was
retained by Cedar Waxwings with less efficien-
cy than other dietary components. This obser-
vation strongly supports the hypothesis that
most, if not all, of the ingested amygdalin was
excreted intact, either in the urine or in the fe-
ces.

Although the uptake mechanism is un-
known, vertebrates seem to absorb amygdalin
in the intestine with high efficiency (Davis
1991). Variation in expression of endogenous B-
glucosidases and detoxification mechanisms in
animals have not been explored systematically,
but there appears to be significant interspecific
differences even within closely related taxa
(Majak 1992). Therefore, we speculate that in
Cedar Waxwings, amygdalin is absorbed in the
intestine but is not hydrolyzed by endogenous
enzymes and thus is excreted intact in urine.
One of the traits that seems to increase cyano-
genic glycoside tolerance in some insects is the
down-regulation of endogenous B-glucosidas-
es (Ferreira et al. 1997). In a similar fashion, tol-
erance of Cedar Waxwings for these com-
pounds may be caused by low expression levels
of these enzymes.
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What is the biological function of cyanogenic gly-
cosides in fruit pulp?—Amygdalin appears to
have no effect on fruit consumption by at least
one avian seed disperser. What are the effects
of amygdalin and other cyanogenic glycosides
on other fruit consumers? Unfortunately, the
limited data available do not provide an answer
to this question. Cyanogenic glycosides may
have antifungal effects (Ito and Kumazawa
1995), but these effects have not been studied
systematically. The effects of cyanogenic gly-
cosides on insects vary dramatically among
species. For example, amygdalin and linamarin
do not appear to have a strong deterrent effect
on folivorous orthopterans (Bernays 1983), but
they do result in reduced food intake in two
noctuid caterpillars (Glendinning and Slansky
1994). More work on the effects of cyanogenic
glycosides on fruit microbes and arthropod
fruit consumers will be necessary to determine
whether these compounds play a deterrent role
in these non-mutualistic fruit consumers
(Hruska 1988).

In addition to fungi and arthropods, the
ranks of seed predators and pulp “‘thieves”
(sensu Levey and Cipollini 1998) also include
mammals and birds. Toxicity after ingestion of
cyanogenic glycosides has been demonstrated
in a few mammals (see Majak 1992). Although
some mammals are sensitive to cyanogenic gly-
cosides, we caution against generalizing this
observation to all mammals. Fruit containing
cyanogenic glycosides can be ingested in large
amounts by black bears (Ursus americanus; Mar-
tin et al. 1951), and the daily amount of bamboo
shoots ingested by golden bamboo lemurs (Ha-
palemur aureus) contains 12 times the lethal cy-
anide dose calculated for humans and rats
(Glander et al. 1989). To our knowledge, no at-
tempt has been made to test the toxicity of
these compounds on avian seed predators and
pulp “thieves.” Consequently, we caution
against generalizing the apparent tolerance
shown by Cedar Waxwings to all birds. It is
possible that significant variation exists in tol-
erance to cyanogenic glycosides in mammals
and birds. In addition, we tested only one cy-
anogenic glycoside, amygdalin. Many others
(e.g. prunasin and sambunigrin) occur in fruit
(Pogorzelski 1982, McGuffin et al. 1997). The
general mechanism of cyanide release is shared
by all of these compounds, but the details of the
cyanogenic pathway can differ. Thus, the lack
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of a toxic effect of amygdalin on Cedar Wax-
wings should not be interpreted as lack of tox-
icity of all cyanogenic glycosides to all fruit-
eating birds.

Although the general applicability of our re-
sults to all cyanogenic glycosides and all fruit-
eating birds has not been established, our re-
sults justify a cautionary note. Many phenom-
enological studies of secondary compounds in
fruit assume that these substances have an ef-
fect on fruit consumption by avian seed dis-
persers (e.g. Herrera 1982, Izhaki and Safriel
1989, Barnea et al. 1993). This assumption is
justified by toxicity data on model species of
mammals. The absence of a deterrent effect of
amygdalin on fruit consumption by Cedar
Waxwings indicates that toxicity data for rats
and humans may be a poor predictor for the
deterrent effect of secondary compounds on
frugivorous birds. Secondary compounds may
be important mediators of interactions in the
triad of fruit robbers, fruits, and seed dispers-
ers (Levey and Cipollini 1998), but their biolog-
ical role cannot be assumed. Rather, it must be
established experimentally.
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