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Abstract Subjects in conditioning experiments time their conditioned responses relative to
the onsets of the conditioned stimuli (CSs). These onsets are temporal landmarks, by reference
to which subjects may estimate the location of the unconditioned stimulus (US) in time. In
a serial compound conditioning paradigm, a long duration CS comes on first, followed later
by a second shorter CS, creating both a long-range and a short-range predictor of the US.
We ask whether displacing the short-range predictor relative to the long-range predictor
causes subjects to strike a compromise between the different temporal locations predicted
by the two CSs. In three experiments with pigeons, we varied the training conditions so as
to favor or militate against this outcome. However, in all conditions, there was no compromise;
after the onset of the displaced short-range CS, the timing of conditioned responding was
governed by it alone. This result contrasts with the compromises that are seen when the
feeding time predicted by a CS is put in conflict with the time predicted by the circadian
clock, and with the similar compromises sometimes seen when a nearby spatial landmark is

displaced relative to a larger spatial context.
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Introduction

The conditioned stimuli (CSs) in operant and Pavlovian conditioning are landmarks in time,
by reference to which the subject may estimate where in time an unconditioned stimulus
(US) will occur (Gallistel and Gibbon 2000). The location of the US in time may be estimated
by its (temporal) distance from CS onset, just as the location of a US in space may be estimated
by its (spatial) distance from a landmark (Honig 1981; Srinivasan et al. 1997; Collett et al.
2002). Spatial landmarks often function within a larger framework (a landscape). When they
are displaced relative to that framework, the location at which a subject searches is sometimes
a compromise between the location relative to the landscape (larger framework) and the
location relative to the landmark (e.g., Cheng 1989). On the other hand, when bees must
estimate the distance to fly down a tunnel to reach a food source, landmarks near the source
dominate behavior. There is no compromise when the distance from a near landmark conflicts
with the distance from a landmark farther back in the tunnel; the distance from the near
landmark determines where they stop to search for the food (Srinivasan et al. 1997; Collett
et al. 2002).

Gibbon et al. (1997) reported a compromise in the temporal domain, with circadian time
serving as the larger framework. The temporal landmark that operated within this framework
was the illumination of a key, which occurred at three fixed times of day. It signaled to pigeon
subjects 30 min of food availability, beginning 30 min after CS onset. They obtained the food
by pecking the key. On infrequent probe trials, the food was not forthcoming, and the CS
remained on for 2 h. Subjects’ tendency to peck the key on these probe trials peaked 30 min
after CS onset (location relative to the CS), then declined. Because the CSs occurred at fixed
times of day, these peaks also coincided with a particular phases of the subject’s circadian
cycle—locations within that cycle. When the CSs were displaced by an hour relative to the
circadian cycle, the time at which pecking peaked was a compromise between the expected

circadian location of food onset and its expected location relative to CS onset.



The circadian timing framework was shown to have two components, which specify location
within that framework by two different timing mechanisms. One component was the entrained
circadian cycle. Locations within this cycle are specified by a mechanism that records the
phase of the cycle at the moment when food becomes available and compares the current
phase of the cycle (the subjective time of day) to the remembered time of day (for review,
see Gallistel 1990; for a different conception of the causation of circadian anticipatory activity,
see Mistlberger 1994). The other component was the lights-on (objective dawn) in the
light-cycle that entrained the circadian rhythm. The time of day may also be estimated by
timing from this landmark. Occasional probe days, on which dawn was advanced or retarded
by 60 min or longer, displaced this interval-timing framework relative to the endogenous
circadian cycle. On these probe days, the timing of the first peak (the “breakfast” peak) was
a compromise between the location predicted by the endogenous cycle and the location
predicted by interval timing from dawn. By contrast, the timing of the two later peaks (lunch
and dinner) was dominated by the location within the circadian cycle.

These results raise the question whether similar compromises are observed when only
short-interval timing is involved. When the onset of a CS that predicts food after a short
latency occurs within the context of a second CS with an earlier onset, does displacing the
short CS within the framework established by the long CS lead to a compromise between
the predicted temporal locations?

This question may also be posed within the context of what is known about the
occasion-setting phenomenon, which occurs in serial compound conditioning. In an
occasion-setting paradigm, the proximal CS, whose onset is relatively close in time to the
US, predicts the US only on those trials on which the onset of the proximal CS has been
preceded by the onset of an occasion-setting stimulus. Although, the occasion-setting stimulus
does not, by itself, elicit a conditioned response, it exerts higher-order control over the
conditioned response to the proximal CS. The subject responds to the proximal CS only when
the occasion has been set by the earlier onset of the occasion-setting stimulus (Holland 1983).

The latency of conditioned responses are generally proportionate to the CS-US interval
(Gallistel and Gibbon 2000; Savastano and Miller 1998), which is why it is appropriate to
think of the onset of the CS as a landmark in time. The occasion-setting effect also shows
temporal specificity: it is greatest when CS onset follows the onset of the occasion-setter at
the usual (training) interval (Holland et al. 1997). Thus, the question arises whether, when

the CS comes on at the wrong time relative to the onset of the occasion-setter, does the



timing of the conditioned response reflect a compromise. This is a different question from
the question whether the capacity of the CS to elicit a conditioned response depends on
where its onset occurs relative to the occasion-setter. In the one case, the focus is on the
strength or probability of the conditioned response. The question we pose concerns its timing.
In these experiments, we varied conditions so as to make a compromise in the timing of
the conditioned response increasingly likely. We find, however, that under all the conditions
we tried, the location of the peak probability of response is entirely determined by the CS
whose onset is closer in time to the predicted feeding, even though, under our conditions
there is an (appropriately timed) conditioned response to the longer CS in the baseline
conditions. Thus, when a more proximal temporal landmark occurs, it completely controls

the timing of the conditioned response.

Methods

Subjects

Subjects were 8 White Carneau pigeons maintained at 80% of ad lib body weight. All subjects
had previously served in an autoshaping experiment.

Subjects were individually housed in a separate colony room with free access to water at
all times. Lights in the colony room switched on at 7:00 a.m. and off at 7:00 p.m. Sessions

were run 5 days a week at approximately the same time of day.

Apparatus

The experimental chamber was a standard Lehigh Valley Electronics pigeon-conditioning
chamber. The subject space was 30 cm long, 34 cm wide, and 34 cm high. An aluminum wall
of the chamber had three response keys, each 2.5 cm in diameter and mounted 25 cm above
a mesh floor. Each key could be transilluminated by an IEEE projector. Only the center key
was operative in this experiment. An aperture (5 cm by 5 cm) centered 10 cm above the floor
provided access to a solenoid-operated grain hopper. A 15-W houselight was mounted in
the same wall, 32 cm above the floor. An externally mounted fan provided ventilation and
masking noise. The chamber was housed in a light- and sound-attenuated room. The CSs

were two different patterns of key illumination—a homogenous red field and an X.



Procedure

Subjects were divided into two groups of four birds each. The birds in group A were trained
under conditions judged more likely to favor the CSs functioning as independent temporal
frameworks, while the birds in group B were trained under conditions judged more likely to
make the longer-latency CS establish a temporal context within which the shorter-latency
CS operated. Subsequently, conditions for both groups were adjusted in ways intended to
favor the latter outcome and, hence, a compromise between the two frameworks on

displacement trials.

Pretraining

All birds had acquired responding to either the red or X stimulus in a previous autoshaping
experiment with a CS duration of 21 s, so, for each subject, one CS was familiar and one
novel. In the pretraining phase for this experiment, group A birds were given from one to
three sessions of autoshaping with both stimuli presented independently, with reinforcement
(3.5 s of hopper access) delivered at CS offset, whether the subject pecked the key or not.
These sessions were followed by two sessions in which a peck on the illuminated key was
required to obtain reinforcement. Each such session was comprised of 18 trials with the red
stimulus and 18 with the X. Group B birds were also given from one to three sessions of
autoshaping. Half the trials were with the familiar stimulus, half with the compound. Thus,
they sometimes saw the already familiar CS by itself, but they never saw the novel stimulus
by itself, only together with the familiar one. For both groups the autoshaping trials in
pretraining were fixed 5 s long with a fixed 55-s inter-trial interval (ITI). The pretraining
trials that required a response paid off for the first peck. If there was no peck within 10 s of

trial onset, the trial ended. The ITI was fixed at 55 s.

Training

In the training procedure, trials were separated by a variable 50-150 s ITI (flat distribution).
Reinforcement was 3.5 s access to the food hopper, during which the house light was turned
off and a light in the hopper turned on. For both groups, this training phase lasted 30 sessions.
The idea behind the training regimes was to have group A repeatedly experience each CS
functioning as the sole predictor of reinforcement on trials that both preceded and were
intermingled with the trials when the two were presented together (but with asynchronous

onsets, that is, in serial compound). In contrast, group B never experienced one of the two



CSs except in serial compound, that is, with its onset always predicted by the earlier onset
of the other CS.

In group A, the red CS was the long CS (the FI60 CS). For two of the four birds, this was
the initially familiar CS, while for the other two, it was the initially unfamiliar one. The
training that followed was designed to make all birds in this group familiar with both CSs.
First, there were five sessions in which each stimulus was presented in isolation and reinforced
18 times (18 FI 60 trials with the red CS and 18 FI 15 trials with X CS). This was followed
by 25 sessions each with 36 trials, 75% of which were serial compound trials. On these, the
key was illuminated red for 45 s, then an X was superposed on the red, and 15 s after that,
the key was armed. The first peck on the armed key delivered food and terminated the trial.
The remaining 25% of the trials were equally divided between red-alone, with a 60-s arming
latency, and X-alone, with a 15-s arming latency. The training conditions for this group were
judged likely to favor the establishment of each CS as an independent predictor of food, one
(red) predicting it with a latency of 60 s and one (X) predicting it with a latency of 15 s.

For group B, all 36 trials in a session were compound trials, with the second CS coming
on 45 s after the first. For all birds, the long CS was the one they were already familiar with
(red for two of them, X for the other two), which means that none of the birds in this group
ever saw the short CS by itself; they only saw it in compound with the long CS. Group B birds
received 30 sessions of training. Note that in group A we counterbalanced for the initial
familiarity of the CS but not for stimulus role (the long CS was always red, which was the
initially familiar CS for half the birds and the initially unfamiliar CS for the other half), while
in group B, we counterbalanced for stimulus role but not initial familiarity (the long CS was
red for half the birds and X for the other half, but for all birds, it was the initially familiar
one).

Following the training phase, each group passed through a sequence of test conditions.
Throughout these test conditions, half of the trials in each session were so-called “peak”
trials. On these, the key was never armed. It remained illuminated for a variable interval past
the expected arming time. On such trials, responding on most trials brackets the expected
time of reinforcement, and the average across trials peaks at approximately the temporal
location where the subject expects the key to be armed.

Each test condition was composed of 40 baseline sessions, during which the temporal
relation between the long and short CSs was fixed. These baseline sessions were followed by

60 displacement sessions, which were just like baseline sessions, except that on a single



compound peak trial (the “probe” trial), the onset of the short CS was displaced relative to
the onset of the long CS. In the first 30 displacement sessions, the onset of the short CS in
the probe trial was advanced 30 s; in the second 30 displacement sessions, this onset was
retarded by 30 s.

In all the baseline and probe conditions, trials were separated by a variable 50-150 s ITI
(drawn from a flat distribution). During reinforcement the house light was turned off and a

light in the hopper enclosure turned on.

Condition 1

Group A. The trial structure was the one that prevailed during the training phase-75%
compound trials, with the remaining 25% equally divided between red alone and X alone.
Half of the trials of each kind were peak trials, on which reinforcement was withheld. On
compound peak trials, the compound remained for between 60 and 90 s beyond the expected
time of reinforcement. For red-alone and X alone peak trials, the CS persisted for 45-75 s
beyond the expected time of reinforcement. On the forward-displacement probe trials, the
X CS came on 30 s early—15 s after the red CS; on backward-displacement probe trials, it
came on 30 s late—75 s after red onset.

Group B. As in the trainingphase, all trials were compound trials. On peak trials, the
compound remained on for a variable time 60-90 s beyond the expected time of reinforcement.
On the probe trials during displacement sessions, the second CS was advanced or retarded

by 30 s.

Condition 2

The baseline conditions were changed in an attempt to make subjects pay more attention to
the longer time interval (the intended framework).

In group A, the long CS (red), when it occurred alone, predicted more food than the short
latency CS (X), when it occurred alone—®6 s of access versus 3 s. On compound trials, access
was randomly either 3 or 6 s in duration. On probe trials, which were always compound peak
trials, the onset of the X was advanced or retarded by 30 s, as before.

In group B, the baseline onset asynchrony was shortened from 45 to 30 s, so that, on those
probe trials when the onset of the second CS was advanced by 30 s, its onset coincided with

that of the first CS.



Condition 3

Only group A went to this condition. Reinforcement on X-alone trials was reduced to the
hopper coming up and immediately going back down. Half of the compound trials also
received this reduced reinforcement. Thus, when the short CS was presented by itself, no
food was actually obtained. Food was only obtained on compound trials, which, one might
think, would increase the control exerted by the longer CS, whose onset was more remote

in time from the opening of the food hopper.

Results

Figurel shows the peak trial data from the last 5 of the 40 baseline sessions in condition 1.
Response rate is plotted against the time before and after reinforcement, so that the expected
time of reinforcement is at 0. The baseline data are in the top four panels (A, B,C, and F).
In group A, the red-alone trials show a broad peak centered near the time of reinforcement
(Fig. 1A). The X-alone trials (1B) show a much sharper peak. Compound trials (1C) are
identical to red-alone trials until the X comes on, 15 s before reinforcement. Thereafter
responding on compound trials is the same as responding on X-alone trials. Group B, which
had only compound trials, shows a similar pattern (1F), but with considerably less responding

in the interval before the second CS comes on.
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Fig. 1. Average response rates on unreinforced (“peak™) trials in condition 1, plotted with the expected
time of feeding as the origin (time 0). The panels on the left are for group A; on the right for group
B. A Trials with red conditioned stimulus (CS) only (expected feeding latency=60 s). B Trials with X
CS only (expected feeding latency=15 s). C Compound trials, with the two temporal frameworks

aligned (filled squares). The data from the X-only trials are reproduced for reference (thin curve). In



the interval after the X comes on, the data from compound trials superpose on the X-only curve. D
Compound probe trials with the onset of the X CS advanced by 30 s (filled squares). The data from
the X-only trials are reproduced for reference, shifted to the left along with the X reference frame
(thin curve). Again, the data from the compound trials superpose on this curve, in the interval after
the (unexpectedly early) onset of the X. E Compound probe trials with the onset of the X CS retarded
by 30 s. The data from the X-only trials are reproduced for reference, shifted to the right along with
the X reference frame (thin curve). Again, the data from the compound trials superpose on this curve,
in the interval after the (unexpectedly late) onset of the X. F Compound peak trials for group B, with
the two frameworks aligned. For this group, all trials were compound trials; there were no trials with
only one of the two CSs. G Probe trials with the onset of the short CS advanced by 30 s (filled squares).
The data from the aligned trials are reproduced for reference, shifted to the left along with the short
reference frame (thin curve). The data from the probe trials superpose on this curve, in the interval
after the (unexpectedly early) onset of the short CS. H Probe trials with the onset of the short CS
retarded by 30 s. The data from the aligned trials are reproduced for reference, shifted to the right
along with the short reference frame (thin curve). The data from probe trials superpose on this curve,

in the interval after the (unexpectedly late) onset of the short CS

The results from the 30 displacement trials of each kind are plotted in the bottom four
panels of Fig. 1. For reference, the results from the relevant trials of the baseline condition
are also plotted in these panels, displaced by the same amount as the onset of the short CS,
in other words, in the same location relative to this CS. In each case, the data from the
displacement trials during the interval after the displaced short CS came on fall on top of
the displaced reference data. In other words, the peak response tendency on displacement
trials is at the location predicted by the short CS; there is no evidence of a compromise
between this location and the location predicted by the long CS. Nor is there evidence for
the summation of response tendencies to the temporal elements (successive portions) of the
two CSs. Once the short CS has come on, responding is what would be expected if the long
CS were no longer present. When the onset of the short CS was displaced closer to the onset
of the long CS, subjects ceased responding when the US location it predicted was passed.
When that location was passed, they did not respond to the middle portion of the long CS
(panel D of Fig. 1); whereas, on trials where the short CS came on later or not at all, they
responded strongly to this portion (panels A and E of Fig. 1).

Figure 2 shows the results from the second condition, plotted in the same way as in Fig. 1.

Increasing the amount of reinforcement of the red (=long) CS in group A increased the

10



peak rate of responding on red-alone trials but did not change its timing (Fig. 2A). Oddly,
the peak rate was also increased on X-alone trials, despite the (modest) decrease in the
amount of reinforcement on these trials. On compound trials, the peak rate was lower than
the peak rate on X-alone trials, but the profile during the interval after the X came on was
the same as on X-alone trials. Again, the results from the 30 displacement trials of each kind
are plotted in the bottom four panels, together with displaced reference data from the baseline
sessions, and again the peak is at the location predicted by the short CS. There is no evidence
of compromise, even on trials where the onset of the short CS coincided with the onset of
the long CS (Fig. 2G). Nor is there evidence of summation: when the temporal location of
the US predicted by the onset of the displaced short CS was passed, responding ceased, even
though subjects responded strongly to that portion of the long CS on trials where the short

CS had not yet come on (compare panel D of Fig. 2 with panels A and E).
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comes on, the data from compound trials are lower than the X-only curve, but they peak at the same
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location. D Compound probe trials with the onset of the X CS advanced by 30 s (filled squares). The
data from the X-only trials are reproduced for reference, shifted to the left along with the X reference
frame (thin curve). The data from the probe trials peak at the same location relative to the X
framework; there is no effect of the red framework on the location of the peak. E Compound probe
trials with the onset of the X CS retarded by 30 s. The data from the X-only trials are reproduced for
reference, shifted to the right along with the X reference frame (thin curve). The data from the probe
trials peak at same location relative to the X-framework; there is no effect of the red-framework on
the location of the peak. F Compound peak trials for group B, with the two frameworks aligned. Note
that the long CS onset now occurs 45 s before the expected feeding time (instead of 60 s). G. Probe
trials with the onset of the short CS advanced by 30 s, so that its onset now coincides with that of the
long CS (filled squares). The data from the aligned trials are reproduced for reference, shifted to the
left along with the short-CS reference frame (thin curve). The data from the probe trials superpose
on this curve, in the interval after the (unexpectedly early) onset of the short CS. H Probe trials with
the onset of the short CS retarded by 30 s. The data from the aligned trials are reproduced for reference,
shifted to the right along with the short reference frame (thin curve). The data from probe trials

superpose on this curve, in the interval after the (unexpectedly late) onset of the short CS

Figure 3 shows the results from the third condition, where X alone predicted only the
raising and lowering of the hopper, with no opportunity to eat. The effect of this on peak
responding on X alone trials is readily apparent (Fig. 3B), but once again, the location of
the peak on displacement trials was entirely determined by the short CS, with no evidence
of a compromise. When the short CS came on, it took control of the timing of the conditioned
response. Immediately after its onset, responding was considerably reduced relative to
moments earlier when only the long CS was present (arrows in panels C and E of Fig. 3).
This demonstrates once again that conditioned responding was determined by the location
of the proximal landmark; it was not the sum of response tendencies to different elements

(portions) of the two CSs.
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Fig. 3. Average response rates on unreinforced (“peak”) trials in condition 3 plotted with the expected

time of feeding as the origin (time 0). A Trials with red CS only (expected feeding latency=60s). B



Trials with X CS only (expected time to the raising and lowering of the hopper=15 s). C Compound
Trials, with the two temporal frameworks aligned (filled squares). The data from the X-only trials are
reproduced for reference (thin curve). D Compound probe trials with the onset of the X CS advanced
by 30 s (filled squares). The data from the X-only trials are reproduced for reference, shifted to the

left along with the X reference frame (thin curve). E Compound probe trials with the onset of the X
CS retarded by 30 s. The data from the X-only trials are reproduced for reference, shifted to the right

along with the X reference frame (thin curve)

Discussion

Our data show that when the temporal location of a US is indicated by compounded CSs
with asynchronous onsets, the two CSs do not establish potentially competing temporal
frameworks. When the short CS is displaced relative to the long CS, it entirely determines
the location of the peak in US expectation; there is no evidence of a location at a compromise
between the location signaled by the long CS and the location signaled by the short CS. Nor
do response tendencies to portions of the two CS sum; the timing of conditioned responding
is governed solely by the location of the more proximal temporal landmark.

That the more proximal landmark should control the timing of the response is not surprising
given the well-established scalar variability in remembered temporal intervals (Gibbon 1977;
Killeen and Weiss 1987; Gallistel and Gibbon 2000). Closer landmarks are better landmarks
from an information-theoretic perspective (Shannon 1948), because the closer a warning is
to the event, the greater the amount by which it reduces the subject’s uncertainty about when
that event will occur (Gallistel 2002). This, however, does not explain why there is no effect
of the long CS on the location of the peak when the long and short CSs signal different US
locations. This lack of any measurable effect suggests that under these circumstances, the
principal function of the long CS is to signal the location of the onset of the short CS. It sets
the occasion for the anticipation of the US, but the countdown to the US, so to speak, does
not begin until the onset of the short CS—the last warning.

Consistent with this suggestion is the contrast between group A and group B in the amount
of responding to the long CS in the interval prior to the onset of the short CS. For group A,
it was uncertain on any given trial whether there would be a short CS. Not surprisingly, these
subjects responded to the red (=long) CS on compound trials exactly as they did on red-alone

trials, up until the X came on. For group B, there was always the onset of a short CS at a
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predictable latency after the onset of the long CS. These subjects showed a much weaker
response to the long CS in the interval prior to the onset of the short CS. If the long CS
functioned mostly in an occasion-setting capacity, this would be expected. We note in this
connection, that an occasion-setting like effect may be observed in the spatial domain, as
well. The landmark nearest the target location controls the locus of a bee’s search only if the
background panorama is the same as during training (Collett et al. 2002). This background
panorama seems to establish a spatial context within which the local landmark becomes
behaviorally effective, just as an occasion-setter establishes a temporal context, within which
a proximal temporal landmark becomes behaviorally effective.

On the other hand, one could argue that because there was some responding to the long
CS in group B, it was not an occasion-setter, or, at least not purely an occasion-setter. Be
that as it may, the finding that the timing of responding is controlled entirely by the onset of
the proximal CS is consistent with the finding that the conditioned response in a
serial-compound (occasion-setting) paradigm tends to be a response specifically to the
proximal CS, rather than to the CS with the more remote onset, or to the compound (Holland
1983, 1986).

These results contrast with the earlier results in which there were compromises between
the location predicted by the circadian temporal framework and the location predicted by a
(very long) CS. Circadian and interval timing mechanisms establish potentially conflicting
frameworks for estimating the time of reinforcement, while concurrent interval timing cues
with asynchronous onset do not. When the circadian and interval timing frameworks are
displaced relative to one another, the temporal location at which the expectation of
reinforcement is maximal is a compromise. When a short-latency interval-timing cue is
displaced relative to a concurrent long-latency cue, the temporal location at which the
expectation of reinforcement is maximal is not a compromise; it is determined entirely by
the CS whose onset is closer to the time of reinforcement.

From an information theoretic standpoint, this means that response timing is governed
by the stimulus that maximally reduces the subject’s uncertainty about the temporal location

of reinforcement. That may be why proximity prevails.
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