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Summary
Recent studies of olfactory blocking have revealed that
Apis mellifera by first establishing a generalization matrix
binary odorant mixtures are not always processed as
for three odorants and then testing for blocking between
though they give rise to mixture-unique configural
all possible combinations of them. We confirm earlier
properties. When animals are conditioned to one odorant
findings demonstrating the occurrence of the blocking
(A) and then conditioned to a mixture of that odorant with
effect in olfactory learning of compound stimuli. We show
that the occurrence and the strength of the blocking effect
a second (X), the ability to learn or express the association
of X with reinforcement appears to be reduced relative to
depend on the odorants used in the experiment. In addition,
animals that were not preconditioned to A. A recent model
we find very good agreement between our results and the
model, and less agreement between our results and an
of odor-based response patterns in the insect antennal lobe
alternative model recently proposed to explain the effect.
predicts that the strength of the blocking effect will be
related to the perceptual similarity between the two
odorants, i.e. greater similarity should increase the
Key words: odour, olfaction, blocking, conditioning, learning,
memory, generalization, honeybee, Apis mellifera.
blocking effect. Here, we test that model in the honeybee

Introduction
Mixtures of two or more odorants in a blend frequently give
rise to novel perceptual qualities that are not present in any of
the components individually. These ‘perfume’ qualities can
arise during early processing of odors by the sensory cells in
the antennal system of insects (Ache, 1989; Akers and Getz,
1993; Wibe and Mustaparta, 1996; Getz and Akers, 1997;
Laing and Glemarec, 1992) or in the broadly tuned cells in the
sensory epithelium of vertebrates (Getchell, 1986; Buck,
1996). Different odor molecules can interact in the
transduction machinery of sensory cells, causing some cells to
fire action potentials when the blend is present, whereas other
cells might be suppressed (Cromarty and Derby, 1997). At the
same time, other sensory elements remain relatively unaffected
by the presence of other molecules in the blend. In this way,
blends of odorants activate sensory elements that are unique to
the individual components as well as patterns that are unique
to the blends.
The early olfactory processing centers of both vertebrates
and a large number of invertebrate species display similar
anatomical and physiological features (Hildebrand and
Shepherd, 1997; Lancet, 1986; Getchell, 1986; Buck, 1996). It
is frequently assumed that these olfactory centers are sensitive
to blend-specific perfume qualities. Indeed, appropriate
conditioning protocols (Rescorla, 1973; Rudy and Sutherland,
1992; Pearce, 1994; Rabin and Cain, 1989) have been utilized
to show that animals can be conditioned to discriminate odor
blends in a manner that would only be possible if attention

were devoted to blend-unique qualities (Chandra and Smith,
1998). It is still unclear, however, whether the brain can
process the sensory information produced by a blend in such
a way that component or submixture information can be
perceived and processed.
An ability to process component-specific information is
likely to be important because odor signals vary from one
presentation to the next. The floral odors that attract important
pollinators are a classic case study. Floral odors are typically
complex blends of tens to hundreds of components (Knudsen
et al., 1993). The composition of the blend, in terms of the
exact components and the ratios among them, can vary from
flower to flower within and between plants because of a variety
of genetic and environmental causes (Pham-Delegue et al.,
1989). A pollinator, such as a foraging honeybee, that focused
only on blend qualities would risk perceiving each flower as
unique, and generalization from one flower to the next one that
contains the same nectar and/or pollen resources might be
difficult. The problem, therefore, revolves around how animals
generalize from one flower to the next given the slight
differences in blend composition between those flowers. This
specific question is one of many that are involved in the more
general problem of stimulus generalization (Shephard, 1987).
The results of recent studies of odor learning (Sahley et al.,
1981; Staubli et al., 1987; Smith and Cobey, 1994; Smith,
1996, 1997; Funayama et al., 1995; Couvillon et al., 1996,
1997; Thorn and Smith, 1997) have already provided some
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indications of how honeybees may optimize their learning
capacity for olfactory signals composed of several odorant
components. When honeybees are conditioned to a mixture of
two odorants that contains, as one of its components, an
odorant to which they have previously been conditioned, then
their response to the second component, when presented alone,
is reduced compared with the performance of animals
conditioned to the mixture without prior conditioning to one
component. This phenomenon, termed ‘blocking’ (Kamin,
1968, 1969; Mackintosh, 1983; Pearce, 1994), suggests that the
qualities of the previously conditioned component are likely to
be recognized in the mixture, whereas the qualities of the other
component are not. In other words, animals generalize from
the previously conditioned stimulus to the mixture that
contains it.
We must therefore consider whether the brain can construct
perceptual qualities of odors that depend, at least in part, on
previous experience. Such a capability is expected to require
modification of more central, synaptic processing of olfactory
information, as opposed to a sensory mechanism. In the
foraging analogy referred to above, a component or submixture
that is relatively invariant and a good predictor of
reinforcement might gain in associative strength faster than the
more variable components, which are less often associated
with reinforcement (Smith, 1996). The more informative
components or submixtures might thereby be filtered out and
processed separately from the more variable, less predictive
components. In the sense that components or submixtures of
an odor blend are processed independently, the capability
revealed by blocking is functionally analogous to the
capabilities exhibited by insect pheromone systems (Boeckh et
al., 1984; Christensen et al., 1989; Masson and Mustaparta,
1990; Hildebrand, 1995, 1996; Smith, 1996). The underlying
physiological bases for these types of behavior must, however,
be radically different.
Linster and Smith (1997) proposed a computation model of
the honeybee antennal lobe, which is analogous to the
vertebrate olfactory bulb, that helped explain how blocking
might be implemented at that level of processing in the brain.
The authors assumed that the incoming sensory information
about a blend is based on inputs from broadly tuned sensory
elements. The model also incorporated a representation of an
identified neuron, called VUMmx1, which responds to the
sucrose unconditioned stimulus (Hammer, 1993; Hammer and
Menzel, 1995) and is strongly represented in the antennal
lobes. Although VUMmx1 does not normally respond to odor,
its response to an odor increases when that odor is associated
with sucrose reinforcement. This neuron modulates the
association between a sensory representation for odor and
sucrose reinforcement. By assuming that VUMmx1 modifies
antennal lobe inhibitory transmission in a Hebbian fashion,
Linster and Smith (1997) were able to simulate a blocking
effect. In essence, the configural representation of a blend of
two components A and X is biased to be more like that of a
previously reinforced component (A).
One major prediction from this model regards the expression

of blocking. Odorants would only block one another when
there was significant overlap in the spread of lateral inhibitory
processes between the representations of those odors in the
antennal lobe. Thus, blocking should occur for some pairs of
odorants but not for others. The pattern of blocking or failure
to block across a set of odorants would serve as a prediction
for later physiological investigation of antennal lobe odor
representations.
One purpose of the present study was to examine for the first
time whether odor pairs differ in the expression of the blocking
effect. A second goal was to respond to the work of Gerber
and Ullrich (1999), who reported a failure to resolve a blocking
effect in odor blends. They speculated, although they did not
test experimentally, that unequal generalization between odors
could give rise to an artifact that resembles a blocking effect,
but for reasons other than those given by Linster and Smith
(1997) in their model. Here, we have replicated previous
blocking designs (Smith and Cobey, 1994; Smith, 1997; Smith
and Thorn, 1997) to test whether their explanation could
account for blocking.
Materials and methods
We collected worker honeybees (Apis mellifera) from a
colony maintained in an indoor flight room at approximately
24 °C on a 16 h:8 h light:dark cycle. Individuals were collected
by placing a small glass vial over them as they landed on the
mesh of a tent in which the colony was housed. A small hole
in the vial caps prevented oxygen deprivation during the setup procedure. Immediately after collection, the vials were
placed into an ice/water bath until the individuals inside ceased
movement. Subjects were then placed into restraining
harnesses that allowed free movement of antennae and mouth
parts. Each subject was fed 1.0 µl of 1.25 mol l−1 sucrose/water
solution and was allowed to remain undisturbed on a counter
top at room temperature (22 °C) for 1.5 h. Immediately prior to
beginning an experiment, each subject was evaluated for
motivation to respond to the sucrose/water unconditioned
stimulus by lightly touching one antenna with the
sucrose/water solution without subsequent feeding. If a subject
responded by extending its proboscis, it was selected for use
in the procedure on that day.
Odor cartridges were prepared freshly each day according to
our standard procedure (Smith, 1997, 1998). We applied 3 µl
of pure odorant onto small strips of filter paper. To produce
blends, we applied 3 µl of each of two odorants onto the filter
paper. The filter paper strips were then inserted into 1 ml glass
syringes, and the wide end of the syringe, in which the plunger
usually sits, was constricted to approximately 1 mm. The
unconditioned stimulus was always 0.4 µl of 1.25 mol l−1
sucrose/water solution.
A conditioning trial began when a subject was rotated into
the conditioning arena from a holding tray. Approximately 20 s
was allowed to pass before the application of stimuli to allow
some acclimation to the movement and to new conditions in
the arena. At that point, the odor was presented for 4 s in an
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airstream flowing at approximately 0.5 m s−1; the duration of
odor delivery was controlled by a computer. At 3 s after the
onset of odor, a tone, which was audible to the experimenter
but not to the subject, signaled the presentation of the
sucrose/water unconditioned stimulus. Subjects always
consumed the entire droplet within the allotted 2 s feeding
period. After completion of the trial, the subject was rotated
back onto the holding tray. The intertrial interval was always
6 min.
Response measures and statistical analyses
During all acquisition trials, we registered whether or not a
subject extended its proboscis (mouthparts) after the onset of
the odor but before application of the unconditioned stimulus.
An increase in probability (given as a percentage) of extension
over one or more trials is due mainly to associative learning
(Bitterman et al., 1983). All acquisition curves were plotted in
terms of the frequency of the proboscis extension reflex across
N subjects during the first 3 s of odor presentation on a given
trial.
Tests for the occurrence of blocking were conducted by
presenting odor without subsequent reinforcement with the
unconditioned stimulus. We videotaped these trials for offline
calculation of response duration (Smith, 1997). We use this
measure of response because it is more sensitive to differences
across treatment groups than is the percentage of proboscis
extension (Smith, 1998). The camera recorded responses headon, i.e. down the longitudinal axis of the insect. Using singleframe playback mode, we registered the beginning of an
extension response when the proboscis, which unfolds from
underneath the head capsule in the line of sight of the camera,
broke the line between the opened tips of the mandibles of the
subject. The duration then corresponded to the total time that
the proboscis was extended beyond this line during the 20 s
recording period. The fixed-length 20 s recording period began
when the odor was presented to the subject.
We log-transformed all duration measures prior to statistical
analysis. We had to add 1 to the duration score of each subject
to successfully transform scores of zero duration, which were
registered when a subject failed to respond to the odorconditioned stimulus during the test trial. The transformed
duration measures were subjected to one- or two-way analysis
of variance (ANOVA) (Sokal and Rohlf, 1995). Gerber and
Ullrich (1999) criticized earlier work (Smith and Cobey, 1994)
because, in one experiment, subjects that failed to respond to
the conditioned stimulus were deleted from analyses.
However, this was only applied in one of several experiments
in that publication and it did not apply to later work (Smith,
1996, 1997; Thorn and Smith, 1997) or to the present work.
Blocking among odorant combinations
Our blocking experiments employed two treatment groups
and two conditioning phases (Table 1). In the first
(Preconditioning) phase, each group was conditioned across
six forward pairing trials to a different pure odorant. One group
(BLOCK) was preconditioned to odorant (A) and the second

Table 1. Treatment groups and conditioning phases
Treatment
Novel
Block

Phase I

Phase II

Test

N → sucrose
A → sucrose

A+X → sucrose
A+X → sucrose

X
X

A, X and N are odorants.
1.25 mol l−1 sucrose was used, the unconditioned stimulus.

group (NOVEL) was preconditioned to a different odorant (N).
During the second (Mixture) conditioning phase, both groups
were subjected to six forward pairing trials with a mixture of
two odorants (A+X). Subjects in the BLOCK group had
previously experienced A, but not X, during the
preconditioning phase. Subjects in the NOVEL group, in
contrast, had experienced neither A nor X prior to training
them to the mixture. Three odorants (1-hexanol, 1-octanol and
geraniol) were used equally often, and counterbalanced across
days, as N, A and X.
After the second conditioning phase, subjects in the NOVEL
and BLOCK groups were tested during a videotaped extinction
trial with odorant X. It is important to note that subjects in the
NOVEL and BLOCK groups experienced X in an identical
manner; i.e. they all experienced X in a mixture with A over
six forward pairing trials with the sucrose/water unconditioned
stimulus. The pairing condition of X and the unconditioned
stimulus would normally produce robust learning (Smith and
Cobey, 1994; Smith, 1996, 1997; Couvillon et al., 1996, 1997;
Thorn and Smith, 1997), albeit with some response decrement
due to overshadowing by A (Smith, 1998). However, the
groups differed with respect to the role that odorant A played
as a predictor of reward at the onset of the second training
phase. If blocking occurs, then the response to X is expected
to be lower in the BLOCK group than in the NOVEL group.
Thus, with each of the pairs of odorants used as A and X, the
results obtained from the NOVEL group served as a control.
Generalization among odorants
The accounts of blocking provided by Gerber and Ullrich
(1999) and Linster and Smith (1997) both relate the level of
blocking to perceptual similarities among the three odorants
required for a typical blocking design. We therefore quantified
the level of generalization among the odorants used in the
blocking experiments reported below and in other work (Smith
and Cobey, 1994; Smith, 1991, 1996, 1997). We assume that
the degree of generalization of a conditioned response between
a conditioned odorant and a test odorant reflects perceptual
similarity. Subjects each received six forward pairing
conditioning trials with a pure odorant (1-hexanol, 1-octanol,
geraniol or 2-octanone) as described above. Two groups of six
subjects each were conditioned to a different odorant each day,
and the odorants were fully counterbalanced over successive
2-day blocks until the reported sample size for each group was
reached.
After the acquisition phase, the reponses of each subject to
two test odorants were videotaped during extinction (test)
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Results
Generalization among odorants
To test whether the occurrence and strength of blocking does
indeed depend on the degree of generalization among odorants,
we first determined the levels of generalization among the
odorants used in this study. Subjects displayed rapid and
statistically identical (F=0.1, d.f.=3,92, not significant)
acquisition to all conditioned odorants (Fig. 1). At least 70 %
of subjects in each group responded to the conditioned odor
after only two conditioning trials, and 80–95 % responded to
the conditioned odor after six trials.
After conditioning, subjects showed different levels of
generalization that depended on the chemical structure of the
test odorants (Fig. 2). In particular, generalization between 1hexanol and 1-octanol was symmetrical and was greater than
generalization from those alcohols to geraniol (Fig. 2A). When
subjects were conditioned to 1-hexanol, they generalized
strongly to 1-octanol but significantly less to geraniol (t=4.6,
d.f.=46, P<0.001). Similarly, bees conditioned to 1-octanol
generalized strongly to 1-hexanol but significantly less to
geraniol (t=2.7, d.f.=46, P<0.01). Conversely, when bees were
conditioned to geraniol, their responses to both 1-hexanol and
1-octanol were weak and not significantly different (t=0.8,
d.f.=46, not significant). Finally, when subjects were
conditioned to 2-octanone (Fig. 2B), they showed somewhat
stronger generalization to 1-hexanol than to geraniol, but the
difference failed to reach statistical significance (t=1.7,
d.f.=46, P=0.1).
Blocking in different combinations of odorants
As before, subjects showed rapid acquisition to odors during
the preconditioning and mixture conditioning phases of the
blocking experiment (Fig. 3A,B). Both the NOVEL and
BLOCK groups showed rapid and equivalent acquisition to the
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trials, which were presented in random order across subjects
and separated by 6 min. Geraniol, 1-hexanol and 1-octanol, the
three odorants used in the blocking experiments reported
below, were chosen because honeybees typically display more
generalization between 1-hexanol and 1-octanol than between
geraniol and either of the aliphatic alcohols (Smith and
Menzel, 1989a,b; Smith and Cobey, 1994; Smith, 1991). Thus,
these three odorants in particular could provide an explicit test
of the hypotheses of Gerber and Ullrich (1999) and Linster and
Smith (1997). After conditioning to one of the three odorants,
subjects were tested with the other two.
Previous blocking experiments (Smith, 1997; Thorn and
Smith, 1997) used exclusively 2-octanone as the novel odorant
to minimize the generalization between odorants used as N, A
and X. Here, we tested generalization from that odorant to
geraniol and 1-hexanol to provide a replication of earlier data
(Smith and Menzel, 1987a,b). In this case, we tested only one
combination because that is the one that directly relates to how
that odorant was used in the experiments of Smith and Menzel
(1987a,b).
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Fig. 1. The proboscis extension response to odor over six
conditioning trials. The measure of acquisition is the percentage of
subjects that responded on each trial prior to presentation of the
unconditioned stimulus. Subjects were conditioned to one of four
odorants: 1-hexanol (diamonds; N=36 ), 1-octanol (circles; N=24),
geraniol (squares; N=35) or 2-octanone (triangles; N=24). All groups
received 1.25 mol l−1 sucrose reinforcement.

conditioned odorant during preconditioning (Fig. 3A; F=0.1,
d.f.=1,118, not significant). At least 80 % of the subjects
responded to the odorant after the second acquisition trial of
this phase. The performance during mixture conditioning was
typical for a blocking experiment (Fig. 3B). Subjects in the
BLOCK group displayed stronger generalization to the A+X
mixture on the first trial of this phase than did subjects in the
NOVEL group. Both groups reached the same level of
performance by trial 3, and the groups did not differ in overall
performance during this phase (F=1.3, d.f.=1,118, not
significant).
The final test with odorant X, to which the two groups had
been identically conditioned, revealed blocking. Subjects in the
NOVEL group responded to X significantly more strongly than
did subjects in the BLOCK group, whether the response was
measured as the percentage of proboscis extensions (Fig. 3C;
χ2=7.6, N=120, P<0.01) or as the duration of the proboscis
extension response (Fig. 3D; F=12.2, d.f.=1, P<0.001).
However, the different odorants used as X elicited significantly
different response levels (F=5.9, d.f.=5, P<0.001).
Furthermore, the relative expression of blocking depended on
the odorants used as N, A and X, which is revealed by the
significant interaction term (F=2.4, d.f.=5, P<0.05).
The reason for the significant interaction term is evident in
Fig. 4, in which the responses to odorant X are shown
separately for each of the six different combinations N, A and
X. We have analyzed the results according to which odorant
was used as N in the NOVEL control group (Table 1), thus
counterbalancing the remaining two odorants as A and X. This
analysis revealed three different blocking patterns. First, in the
groups in which 1-octanol was N (Table 2A,B; Fig. 4A,B), 1hexanol elicited a significantly higher level of response than
did geraniol when those odors were the test odor X (F=22.9,
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ODORANT
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Fig. 2. Generalization matrix
for
1-hexanol,
1-octanol,
geraniol and 2-octanone. The
Geraniol
degree to which subjects
generalized to a test odorant
depends upon the odor to which
they had been previously
conditioned. (A) Completely
counterbalanced matrix for 1hexanol,
1-octanol
and
geraniol. Subjects were first
conditioned to one of these
odorants (N=24 each) and then
tested with the other two.
(B) Honeybees conditioned to
2-octanone (N=24) and then 2-Octanone
tested with 1-hexanol and
geraniol. Values are means ±
S.E.M.
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d.f.=1, P<0.001). There was also a significant difference
between the NOVEL and BLOCK groups (F=17.8, d.f.=1,
P<0.001). However, the interaction term was also significant
(F=10.7, d.f.=1, P<0.01), indicating that the blocking effect
differed for the two groups. The blocking effect was only
evident when the test odorant was 1-hexanol. Second, when 1hexanol was N (Table 2C,D; Fig. 4C,D), 1-octanol elicited a
significantly higher level of response than geraniol when those
odorants were used as X (F=3.9, d.f.=1, P=0.05). In the latter
case, however, there was no difference between the NOVEL
and BLOCK groups (F=0.1, d.f.=1, not significant) and the
interaction term was not significant (F=0.1, d.f.=1, not
significant). Third, when geraniol was N (Table 2E,F;
Fig. 4E,F), 1-hexanol and 1-octanol elicited approximately the
same level of response as X (F=3.6, d.f.=1, not significant),
and there was a significant difference in response to X between
the NOVEL and BLOCK groups (F=4.9, d.f.=1, P<0.05). In

Geraniol
5
4
3
2
1
0

addition, the blocking effect was symmetrical, as indicated by
the lack of significance of the interaction term (F=0.8, d.f.=1,
not significant).
Discussion
We have shown that the blocking effect between two
odorants in a binary mixture depends on the chemical
structures of the odorants. The existence of blocking between
two conditioned stimuli (A and X; see Table 1) indicates that
the two stimuli are not processed independently when they are
conditioned in a mixture. In the honeybee, several studies have
failed to find overshadowing and blocking in mixtures of
stimuli from different modalities (Funayama et al., 1995). It
seems likely, therefore, that these stimuli are processed
independently when they occur together and are associated
with reinforcement. Recently, Couvillon et al. (1997), using a
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conditioning procedure that utilized freely flying honeybees,
compared the expression of the blocking effect between intramodal and inter-modal binary mixtures. They found that
blocking was detectable when conditioned mixtures were
composed of stimuli from the same modality, i.e. odor/odor
and color/color mixtures. As expected from earlier studies,
however, blocking was not detectable in color/odor mixtures.
They proposed that the capacity for interaction was greater for

Fig. 3. Summary of acquisition curves and test trials in the blocking
experiment. The odorants 1-hexanol, 1-octanol, geraniol and 2octanone were counterbalanced as A, X and N. (A) Subjects in the
NOVEL (N=60) group were pretrained with a novel odor (N) and
those in the BLOCK (N=60) group were pretrained to odor A (see
Table 1). Subjects were conditioned over six forward-pairing trials
and reinforced with 1.25 mol l−1 sucrose. The figure represents the
percentage of subjects that extended their mouthparts (the proboscis
extension response, PER) on each trial prior to presentation of the
sucrose/water unconditioned stimulus. (B) Following pretraining, all
groups received six conditioning trials with a mixture of odor A and
odor X (A+X). The response measure was as in Figs 1 and 2A.
(C) The percentage of subjects that extended their mouthparts (PER)
when tested for their response to X alone after mixture conditioning.
(D) Proboscis extension duration for the NOVEL and BLOCK
groups in response to X. Duration scores were taken from videotape
analysis (see Materials and methods). Values are means ± S.E.M.,
N=60.

intra- than for inter-modal mixtures, as it is in vertebrates
(Kehoe et al., 1994).
It is reasonable to propose that this interference is based on
the overlap of sensory representations that are set up in the
antennal lobes, where the sensory axons make first synaptic
contact with interneurons of the brain (Hildebrand and
Shepherd, 1997). Linster and Smith (1997) have related
blocking to the overlap of inhibitory processes in the antennal
lobe. In their model, odors activate broadly tuned sensory
representations. Some pairs of odors activate partially
overlapping representations, whereas other pairs activate
representations that display little or no overlap. The lateral
overlap of inhibitory transmission is directly related to the
degree of overlap of the incoming sensory patterns. Once one
sensory pattern, e.g. that produced by A in our study, is
associated with reinforcement, its capacity to suppress the
activity pattern evoked by a second odor (e.g. X) is enhanced
as long as there is sufficient overlap in inhibitory transmission.
A mixture of A and X which, under unconditioned
circumstances, would produce a mixture-unique configural
pattern of sensory input, therefore becomes much more A-like
after A has been associated with reinforcement.
A critical test of the model would be to attenuate blocking
by choosing pairs of A and X odors that differ in the degree
of perceptual similarity between A and X. We assume here
that pairs of odors between which subjects generalize
strongly will also activate similar spatiotemporal patterns of
activity in the antennal lobes. Our results agree reasonably
well with the predictions of the model of Linster and Smith
(1997). Blocking should be stronger when 1-hexanol and 1octanol are A and X (Table 2E,F) than when either is
combined in a mixture with geraniol, which is what we found.
The model also predicts that blocking will be attenuated when
either alcohol is combined with geraniol as A and X.
Blocking was not statistically evident when geraniol and 1octanol were assigned to A and X status (Table 2C,D), and
blocking was less evident when 1-hexanol and geraniol were
A and X (Table 2A,B). The only case that the model fails to
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predict occurs when 1-hexanol is assigned to X (Fig. 4A). In
that case, we observed a strong blocking-like effect even
though there was little detectable generalization between that
odorant and geraniol. It should be noted that blocking may
occur between odorants that show less generalization, but it
would be attenuated relative to odorants that show strong
generalization. Because we attempted to counterbalance all
possible combinations of odorants, the sample sizes were low
(10 subjects in each case), which would limit our ability to
resolve weak blocking effects.
Gerber and Ullrich (1999) recently criticized olfactory
blocking studies (Sahley et al., 1981; Staubli et al., 1989; Smith
and Cobey 1994; Smith, 1996, 1997; Thorn and Smith, 1997)
because, in those studies, odors were not always used in a
completely counterbalanced manner. They point out that a
blocking-like effect might arise as an artifact of higher
generalization from N to X in the NOVEL group than from A
to X in the BLOCK group (Table 1). If generalization between
N and X is stronger than between A and X, then this
generalization could increase the response to X above that in
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(A,B) 1-Hexanol and geraniol
counterbalanced as A and X
(Table 1). (C,D) 1-Octanol and
geraniol counterbalanced as A and
X. (E,F) 1-Hexanol and 1-octanol
counterbalanced as A and X.
Values are means ± S.E.M.

10

0

X: 1-hexanol

NOVEL

BLOCK

the BLOCK group. They never tested this hypothesis, but they
argue that odorants need to be completely counterbalanced as
N, A and X.
Our present analyses were undertaken in part to respond to
that criticism. The patterns of generalization among odors in
our study do not follow the predictions of Gerber and Ullrich
(1999). If these predictions are correct, then two odorants that
show strong generalization should give rise to a blocking-like
effect in groups in which they are assigned to N and X. This
hypothesis could account for the pattern we observe in Fig. 4A,
which is the one case of the six that the Linster and Smith
(1997) model cannot explain. In that case, 1-hexanol was N
and 1-octanol was X, which show strong generalization.
Furthermore, like the model of Linster and Smith (1997), the
explanation of Gerber and Ullrich (1999) would predict little
or no blocking in Fig. 4B,C. But the experimental outcomes
contradict Gerber and Ullrich (1999) for Fig. 4D–F. Gerber
and Ullrich (1999) predict a blocking-like effect in Fig. 4D,
because the odorants used as N and X show strong
generalization. They would also predict little or no detectable

2804 J. S. HOSLER AND B. H. SMITH
Table 2. Treatment groups separated by odorant combinations
Odor group

Odor*

Treatment

Phase I‡

Phase II

Test

A

OGH

Novel
Block

O → sucrose
G → sucrose

G+H → sucrose
G+H → sucrose

H
H

B

OHG

Novel
Block

O → sucrose
H → sucrose

H+G → sucrose
H+G → sucrose

G
G

C

HOG

Novel
Block

H → sucrose
O → sucrose

O+G → sucrose
O+G → sucrose

G
G

D

HGO

Novel
Block

H → sucrose
G → sucrose

G+O → sucrose
G+O → sucrose

O
O

E

GHO

Novel
Block

G → sucrose
H → sucrose

H+O → sucrose
H+O → sucrose

O
O

F

GOH

Novel
Block

G → sucrose
O → sucrose

O+H → sucrose
O+H → sucrose

H
H

*O, 1-octanol; H, 1-hexanol; G, geraniol; the sequence of the letters reflects assignment of odorants as N, A and X, respectively (see
Table 1).
‡Sucrose represents the same 1.25 mol l−1 sucrose/water solution used as the unconditioned stimulus throughout the experiments.

blocking in Fig. 4E,F, because the odorants used as N and X
in those groups show little generalization.
It seems reasonable, therefore, to conclude that the blocking
effect identified in earlier studies is robust, and that the model
proposed by Linster and Smith (1997) provides a reasonably
good fit to the data. However, in interpreting the acceptability
of one or another model with respect to its ability to predict
blocking, caution should be exercised with regard to the proper
control groups in a blocking experiment. The exclusive use of
any given control procedure can be criticized for different
reasons. Thorn and Smith (1997) used only the NOVEL
control because of the large number of treatment groups that
each required control and blocking subtreatments. However,
they used the NOVEL control only after it had been evaluated
in parallel with a number of other controls and revealed
the same blocking effect (Smith, 1997). Furthermore, they
chose 2-octanone as N because it shows relatively little
generalization to the odorants counterbalanced as A and X (1hexanol and geraniol; Smith and Menzel, 1989a,b; Fig. 2 in the
present study). The slight trend for 2-octanone to generalize
more to 1-hexanol than to geraniol would have been offset by
the counterbalanced assignment of the latter two odorants to A
and X.
Our choice of the NOVEL control here was also motivated
by the fact that it was the specific focus of criticism by Gerber
and Ullrich (1999). The primary concern in the case of a
NOVEL control stems from the arguments about
generalization among odorants. The pattern of blocking in
Fig. 4A could arise, as noted above, because subjects
generalize more from N to X than from A to X. The higher
level of response to X in the NOVEL group would produce a
blocking-like effect that, in a mechanistic sense, is not true
blocking. Furthermore, the lack of blocking in Fig. 4B,C could
be due to generalization between N and A such that both the
NOVEL and BLOCK treatment groups experience blocking.

This possibility might explain the low level of response in both
groups in our experiments.
It is clear that other control groups need to be explored in
future studies of within-modality blocking. In the meantime,
however, several arguments can be made in favor of the
blocking effect in the case of odor/odor mixtures. First, a recent
replication of the blocking effect in honeybees used a different
control procedure that would not have the same problem as the
novel control procedure (Couvillon et al., 1997). Second,
Gerber and Ullrich (1999) proposed that odorants should be
completely counterbalanced as N, A and X so that the
possibility that blocking might be based on differential
generalization among the odorants could be ruled out.
Although we feel that this kind of statistical analysis is
inappropriate (see below), we have nevertheless done that and
still reveal a blocking effect (Fig. 3). Third, one would ideally
need to use as N an odorant that shows little or no
generalization to A or, more importantly, to X and still have
that combination reveal blocking. Odorants used in previous
work were chosen partly on the basis of this criterion (Smith,
1997; Thorn and Smith, 1997). This combination is recorded
in Fig. 4E,F as a subset of the odorant combinations we used
in the present experiment and, again, the blocking effect
appears to be robust.
The question of why Gerber and Ullrich (1999) failed to
induce blocking still remains. Regardless of why differences
in expression across different odorant combinations arise, it is
clear that some combinations fail to reveal blocking. We have
not yet evaluated the complete odor set used by Gerber and
Ullrich (1999), because they counterbalanced the use of
limonene with 1-octanol, 1-hexanol and geraniol in their study.
It is possible that enough of their odorant combinations failed
to reveal blocking so that when the data were pooled, as they
were in that study, the average result failed to reveal blocking.
They did not show the separate evaluations for each of the
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odorant combinations used, as we have done here (see Fig. 4).
Indeed, we show that odorant combinations differ in the extent
to which they induce blocking. This would be an argument
against the use of a statistical analysis that would not be
capable of revealing this interaction, as was the case in the
study of Gerber and Ullrich (1999). In addition, their study did
not focus on the use of a novel odor that showed little or no
generalization to A and X, as we have done in the past (Smith,
1997; Thorn and Smith, 1997).
Furthermore, although we have consistently shown blocking
using both the percentage of responding honeybees and the
mean duration of proboscis extension as response measures, it
is possible that a blocking effect might have been evident in
the study of Gerber and Ullrich (1999) if they had used
duration or response latency. Along that line of argument,
Smith (1998) has shown how the latter two measures can be
more sensitive in detecting differences in response topology
across treatments. When response probabilities approach a
ceiling, such that all the animals that can learn the association
actually display the proboscis extension reflex, or when sample
sizes are limited, this measure becomes less sensitive to
differences across treatments. In these cases, more sensitive
measures of response topology still change and are capable of
revealing treatment effects. For that reason, we have relied on
duration as the primary measure here, although we show both
types of measure in Fig. 3.
In conclusion, we feel that the blocking effect is robust and,
although further behavioral analyses with different control
procedures are warranted, it can now be used as a predictive
tool for physiological analyses of antennal lobe processing.
Clearly, a larger generalization matrix of odors needs to be
developed and tested. Within that matrix, odorants that show
stronger blocking should also show greater overlap of the
spatiotemporal activity patterns that represent those odorants
in the antennal lobe or higher processing centers of the brain
(Linster and Smith, 1997). Lower levels of blocking between
two odorants should reveal less spatial and/or temporal overlap
of the representations of those odorants when they are
combined in a mixture. Recordings from large populations of
neurons using techniques that can provide both spatial (Joerges
et al., 1997) and fast temporal (Stopfer et al., 1997) information
will be necessary to test this hypothesis.
This work was supported by a grant from NIH-NCRR (9
R01 RR14166–06) to B.H.S. and by an NRSA from NIH to
J.S.H.
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