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Learned behavior is acquired as the result of an individ-
ual’s experience with the environment. Pavlov (1927) and
Thorndike(1898) detailed specific functionalrelationships
that control the overall occurrence of two classes of behav-
ioral adaptations.The commonality in their views was that
food presentations function to make the behavioroccurring
in the local stimulus context more likely on future occur-
rences of that stimulus situation.The obvious fact that this
behavior does not occur constantly nor in every possible
circumstance was explained by the plausible notions of
stimulus specificity and effort minimization.

This type of argument asserts that reinforcement
strengthens some tendency to behave in a context,whereas
the absence of reinforcement, coupled with a tendency
of the organism to expend the least amount of effort, fails
to strengthenbehavior or weakens it as the stimuluscontext
becomes more dissimilar. After the fact, this mechanism
could account for almost any conceivableoutcome with a
judicial invocationof strengtheningprocesses, weakening
processes, and stimulus-control processes, each of which
could possess whatever properties were necessary to ac-
count for the obtained effect.

Although it is true that any explanation of behavior
must have some way of accounting for increases and de-
creases in response strength as a function of stimulus dif-
ferences, any assertion purporting to explain behavioral

adaptation without some falsifiable systematic rules of
application is a tautology. It is the specific predictions of
a principled system that define “explanation” (see, e.g.,
Baum, 1974; Gallistel & Gibbon, 2000; Killeen, 1994;
Rescorla & Wagner, 1972).

Ferster and Skinner (1957) invoked an informal com-
bination of strengthening, weakening, and stimulus con-
trol to explain the increasing rate, or “scallop,” across a
fixed time (FT) period preceding a reinforced response
(a fixed-interval, or FI schedule). They had empirically
demonstrated that the onset of the rate increase across an
FI was retarded with the addition of a continuously
changing explicit stimulus correlated with the passage of
time. Following Spence (1956), they concluded that the
typical spread of effect to earlier portions of the interval
was a failure in stimulus control, because stimuli were
not sufficiently discriminable from those in effect at the
moment of reinforcement. They went on to postulate that
a perfect clock would control “perfect” behavior (i.e., a
single response). It is important to note that their stimu-
lus discriminability view was an extrapolated inference
rather than a set of functional laws (see, e.g., Baum,
1974; Killeen, 1994).

Their inference has, nevertheless, become enshrined
as an explanation of behavior across a fixed interfood in-
terval (see, e.g., Catania, 1998, p. 176; Domjan, 2003,
p. 168; Mazur, 1998, p. 155). This occurred in spite of
several major omissions. No principled falsifiable spec-
ification had been provided: for the spread of strength-
ening or weakening, for whether the absence of condi-
tioning or inhibitory conditioning was to be expected in
the earliest portion of the interval, or for how the net ef-
fect of these two processes would be expected to change
with changes in procedure.

For example, if an FI scallop is explained by the sim-
ple invocation of the animal’s inability to clearly dis-
criminate the temporal stimuli, then providing a series of
clearly discriminable stimuli across the interval must of
necessity control behavior to only the final stimulus. Any
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The control exerted by various portions of fixed-time and fixed-interval schedules was assessedwith
a trace-conditioning procedure. The intervals were segmented into 10 bins. In all but 1 of those bins,
the stimuli were presented in different random orders on each trial. In 1 bin, the stimulus was the same
on each trial. The position of this trace stimulus was varied across phases. The results indicated that a
trace stimulus can come to control behavior and that differential control can extend to even the sec-
ond tenth of an interfood interval. The results were interpreted as indicating that traditional explana-
tions of the rate loss in earlierportions of an interfood interval are inadequate and that models such as
Palya’s (1993) bipolar model or Miller and Schachtman’s (1985) comparator model may provide a prin-
cipled framework with which to understand within-trial effects.



STIMULUS CONTROL IN FIXED INTERFOOD INTERVALS 23

other result would demonstrate the putative explanatory
principle as a tautology or, at best, as incomplete. The
invocation of some additional inferred process, such as
attention, higher order conditioning, or conditioned re-
inforcement, would not alter the underlying tautologyun-
less some independentmeasure of attention, higher order
conditioning, or conditioned reinforcement across the
interfood interval were available.A number of researchers
have shown the inadequacy of simple “loss-of-stimulus-
control” explanationsfor the behavior in a fixed interfood
interval (Barnet, Cole, & Miller, 1997;Dinsmoor, Dougan,
Pfister, & Thiels, 1992; Dinsmoor, Lee, & Brown, 1986;
Palya, 1985, 1993; Silva & Timberlake, 1998).

Other explanatory systems are available for the oc-
currence of responding in other than the final few mo-
ments of a fixed interfood interval. Hull (1952), Dews
(1962), and Killeen (1994) have argued that the behav-
ior in the earlier portions of an interfood interval is main-
tained by reinforcement just as are the final instances of
the terminal behavior. These views argue that the behav-
ior in earlier portions of the interval is directly supported
by delayed reinforcement, but to a lesser extent than to
the final stimulus. Alternatively, Palya (1993) and Palya
and Chu (1996) have argued that the second half of an
interfood interval would be expected to control higher
rates of the terminal behavior, whereas the earlier por-
tion of the first half of the interval would be expected to
control higher rates of a behavior other than the terminal
behavior. In this view, the behavior across an interfood
interval is bipolar.

The intent of the present research was to assess the de-
gree to which lack of stimulus control or lack of attention
are adequate explanations for the behavior across fixed
interfood intervals. The ultimate goal of the present re-
search program is to explain the same FI scallop described
by Ferster and Skinner (1957); the present approach is an
attempt to do so by eventually specifying a general de-
scription of the occurrence and vector of behavior across
an interfood interval and by specifying how behavior
would be expected to change with changes in procedure.

The present research was based on a modification of an
interfood clock procedure (Palya, 1985). Interfood clocks
partition the entire interfood interval into relatively short,
discriminable periods. For example, a 60-sec interfood
interval might be partitioned into ten 6-sec stimulus ele-
ments. In a typical interfood clock schedule, the stimuli
are presented in a fixed order. A typical control proce-
dure for an interfood clock is a randomized clock during
which the stimuli are presented in a different random
order on every trial.

In the procedures implemented in the present research,
only one stimulus of a 10-element interfood clock had a
consistent temporal relationshipwith the upcoming food
presentation. The other nine stimuli were randomly or-
dered within each trial. Because the fixed stimuluswas not
contiguouswith food presentationand occurred in a fixed
position with no other explicit stimulus correlated with
reinforcement, this procedure was a trace-conditioning

procedure. It differed from a traditional trace procedure
in that the remaining portion of the trial (the intertrial in-
terval and the trace interval) was not filled with a single
stimulus but, rather, with distinct 6-sec stimuli with a
random relationship with the upcoming food presenta-
tion. In both the traditional trace and the present trace
procedures, only a single noncontiguous stimulus has a
predictive relationship with the subsequent reinforcer.

Important aspects of the present procedure were that
the fixed stimulus was presented within a context of ran-
domly ordered key colors and the trace stimulus was dif-
ferent for each temporal position tested. These charac-
teristics of the procedure assured that the control by the
trace stimulus was an associative effect, rather than the
simple result of a very salient disruptive stimulus change
occurring at some point in the interfood interval (see,
e.g., Farmer & Schoenfeld, 1966) or the simple increase
in the delay to reinforcement of an already established
predictive stimulus (Lucas, Deich, & Wasserman, 1981).
An additional benefit of presenting the trace stimulus in
a context of random color sequences was that, in most
cases, randomized clock stimuli tend to maintain some
level of responding throughout all but the earliest por-
tion of an interval (Palya & Bevins, 1990). This charac-
teristic provides for the detection of either a rate increase
or a rate decrease to the trace stimulus (see, e.g., Barnet
et al., 1997).

METHOD

Subjects
Six experimentally naive adult pigeons obtained from a local

supplier were used throughout the experiment. They were housed
under continuous illumination in individual cages with free access
to water. Each bird received approximately 50 food presentations
during each experimental session, or the number just suff icient to
maintain the bird at 80% of its free-feeding weight. Birds requiring
supplemental feeding were postfed at least 60 min after the exper-
imental session. Pelletized laying mash was used for both mainte-
nance feeding and reinforcers.

Apparatus
Six experimental chambers were used. The interior of each was

a 30 3 30 3 34 cm high cube. An unpainted aluminum panel
served as one wall of the chamber; the other sides were painted flat
white. The stimulus panel had a feeder aperture 5 cm in diameter,
medially located 10 cm above the grid floor. Three response keys,
each 2 cm in diameter, were located 9 cm apart, 29 cm above the
grid floor. They required approximately 15 g (0.15 N) to operate.
Only the center key was used. The translucent Plexiglas key could
be transilluminated by a stimulus projector containing color filters.
The filters were selected to produce hues that provided roughly
equally discriminable intervals plus white (Wright, 1978). They
were the following Rosco theatrical gels: red (27), vermilion (25),
orange (23), amber (21), yellow (12), green (389), emerald (90),
turquoise (95), blue (76), purple (80), and white (62). The key was
illuminated throughout all phases of the experiment except during
food presentation, when the only illumination was provided by a
lamp in the aperture above the food magazine. Two houselights, di-
rected upward, were located on the stimulus panel 32 cm above the
grid floor. Ventilation was provided by an exhaust fan mounted on
the outside of the chamber. A white-noise generator provided am-
bient masking noise within the chamber.
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Stimulus events were controlled and keypecks were recorded by
a computer network consisting of a host computer and a separate
control computer for each chamber (Palya & Walter, 1993). The
host computer archived the time of each stimulus and response
event in 1-msec ticks. Subsequent data extraction and analysis rou-
tines provided the resulting behavioral indices. Complete raw-data
event logs of all research are maintained for at least 10 years and are
available for electronic download upon request (see Acknowledg-
ment).

Procedure
In general, consecutive phases of the experiment assessed the

ability of an explicit stimulus in various specific temporal positions
within an interfood interval to control a behavior change. The pro-
cedure used a single fixed stimulus embedded in a context of ran-
domly ordered stimuli to minimize the alternate explanations that
would be available if a single highly salient stimulus had been pre-
sented in an otherwise unchanging context. In order to assess the
generality of the effect, two different stimulus sequences were used,
and both a response-independent and a response-dependent food
presentation procedure were implemented. All procedures were
based on a 10-stimulus, 60-sec interfood clock and were imple-
mented on the center key. Table 1 documents the procedure for each
bird for each of the 24 phases of the experiment. It also indicates the
length of exposure to each phase.

All the pigeons were initially magazine-trained to a criterion of
approaching and eating from the food magazine within 3 sec on
three consecutive presentations. During magazine training, the keys
were dark. Each subsequent phase continued until each bird’s be-
havior reached steady state (no consistent session-to-session trends
over the last five sessions) as determined by visual inspection of
daily response rates to each bin plotted as a function of session
number for each bird, suff icient data were collected for potential
analyses, and until the procedural change could be implemented
within the day-to-day lab activities. Typically, an informal lab pol-
icy of postponing any change in procedure until the next f ive-
session boundary was used whenever it was convenient. The intent
of the latter criterion was to reduce the likelihood that some atypi-
cal local aspect of the behavior would be consistently included in
the data representing the effects of a phase.

Response-independent procedures. As is documented in
Table 1, the first experimental treatment (Phase 1) exposed the birds
to a 10-position, 60-sec interfood clock as a baseline. Two different
color sequences were used. The first group (Birds 456, 516, and
552) received red, vermilion, orange, amber, yellow, green, emerald,
turquoise, blue, and purple followed by 3 sec of food presentation,
irrespective of behavior; the second group (Birds 606, 609, and
622) received orange, green, turquoise, emerald, blue, purple, yellow,
red, amber, and vermilion followed by food presentation, irrespective
of behavior. Phase 1 was in effect for 71 sessions.

The second phase, also implemented as a baseline, was a traditional
single-stimulus trace-conditioning procedure. The birds in Group 1
received a 48-sec ITI with a white keylight followed by 6 sec of a
blue keylight followed by 6 sec of a white keylight. The ITI was
also white for Group 2, but the trace stimulus was amber for the 3
birds of that group. This simple trace procedure was in effect for 55
sessions.

In Phase 3, the intertrial interval and the trace interval were
changed to a random sequence (without replacement) of the remain-
ing nine clock stimuli on each trial. As a result, any color but that
of the trace stimulus could occur in any of the remaining nine po-
sitions of the clock on a given trial (designated as 3 in the table).
Position 9 was always blue for Group 1 and always amber for Group 2.
The birds were exposed to this procedure for 42 sessions.

In the next seven phases, the trace stimulus was changed to suc-
cessively earlier clock positions in order to determine the degree to
which a trace stimulus in the various positions of an interfood in-

terval could come to control a behavior change. As can be seen in
Table 1, the trace stimulus for a specif ic bin was the hue correlated
with that temporal position in the first phase and was, therefore, a
different hue in each phase. Each of these phases was in effect for
approximately 40 sessions, with the exception of Phase 4, which
was in effect for 100 sessions.

Response-dependent procedures. Phase 11 was a baseline for
the subsequent phases, all of which had a response requirement.
The procedure randomized all 10 stimuli and required a response
following the elapse of 60 sec since the preceding food presentation
(6 sec after the onset of the last stimulus). The final stimulus re-
mained in effect until the reinforced response occurred. Phase 11
was continued for 30 sessions. The response requirement was added
for two reasons. First, it was expected to increase the response rates
of the birds with marginal rates, and, second, it would demonstrate
the rate changes to the trace stimuli with a somewhat different pro-
cedure.

In the next nine phases, the ability of trace stimuli in the first half
of the interfood interval to control behavior was assessed. The trace
stimulus was moved to later bins (2, 3, 4, 5, and 6), then to earlier
bins (5, 4, and 3) and, finally, as a local baseline, to Bin 6. These
phases were implemented to provide multiple assessments of the
portion of the interfood interval of most interest. Because Bin 6 was
the first bin past the midpoint of the interfood interval, the behav-
ior to a fixed stimulus in that position was used as the local base-
line. Phase 21 was a return to the fully randomized baseline proce-
dure of Phase 11 in order to reestablish an exemplar of the behavior
under a totally randomized FI clock.

Control procedures. The final three phases were implemented
to evaluate potential explanations for the obtained rate decreases to
the trace stimuli. Phase 22 was in effect for 30 sessions. This pro-
cedure provided information about the effect of simple nonrein-
forcement on an otherwise randomized clock stimulus. This phase
implemented a randomly positioned trace stimulus that was never
paired with food or even with the stimulus that preceded food. Any
of the 10 stimuli, including the stimulus appropriate for Bin 6,
could occur in the first eight positions. The table designates the pos-
sibility of either a nontrace random stimulus (i.e., 3) or the trace
stimulus itself (e.g., G or P) as 3G or 3P. Any of the 10 stimuli ex-
cept the stimulus appropriate for Bin 6 could occur in either of the
final two bins. As in earlier phases, this is designated as 3 in the
table. This procedure was considered a very strong, explicitly un-
paired procedure (Rescorla, 1967).

Phase 23 was in effect for 45 sessions and implemented what was
essentially the converse control procedure. The trace stimulus was
consistently presented in Bin 6, but was not excluded from occur-
ring in the final bin. As a result, the trace stimulus also occurred in
the final position on 10% of the trials (as before, if either a ran-
domized nontrace stimulus or the trace stimulus itself occurred in
a bin, it is designated 3G or 3P in the table). The results from
Phase 23 provided information on the control exerted by a stimulus
presented in a fixed temporal position early in the interval, when
that stimulus was also paired with primary reinforcement. This pro-
cedure removed any detrimental effect of the stimulus’s simply
being unpaired with reinforcement. The final phase (Phase 24) was
in effect for 45 sessions and was a return to the basic procedure with
a fixed trace stimulus in Bin 6. Its conditions were identical to those
of Phases 16 and 20. Phase 24 provided a local comparison for the
preceding control procedures.

RESULTS

In the present study, we examined the ability of a trace
stimulus to control a positiveor negativebehavior change
when that trace stimulus was in various specific tempo-
ral positions of an interfood interval. The control exerted
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by each trace stimulus was assessed by noting changes in
the rate of pecking to that stimulus as compared with the
rate controlled by the randomized stimuli in the adjacent
bins. The measure was, therefore, a within-trial, within-
bird index capable of detecting either a rate increase or
a rate decrease controlled by the trace stimulus. This
strategy was feasible because, for most birds, response
rates systematically increase across consecutive bins of
a fixed interfood interval with randomized clock stimuli
and very rarely show a reversal in rate to a single bin
(Palya & Bevins, 1990).

Dependent Variables
A simple criterion for accepting that behavior had

come under the control of the trace stimulus was a rate
to the trace stimulus that was either higher or lower than
that to both of the adjacent bins. In such cases, the be-
havior to the trace stimulus was clearly different from
the trend across the interfood interval. The low power of
this relatively stringent criterion would lead to error on
the side of rejecting the evidence for control by a trace
stimulus when in fact it had occurred. This was adequate
for the purposes of the present research, in that even with
this stringent criterion, there was evidence that a behav-
ior change could be acquired to the longest trace interval
tested. An arrow above a bin in Figures 1, 2, and 3 des-

ignate that the rate was either higher (point up) or lower
(point down) than the rates to both of the adjacent stim-
uli for that bin for that bird.

A second index of the control exerted by the trace
stimuli was also used. It was the deviation of the trace
stimulus response rate from a rate predicted by a spline.
A spline is a standard mathematical procedure which de-
termines a best fit curved line (cubic polynomial) through
data points (Press, Flannery, Teukolsky, & Vetterling,
1989). This more powerful index allowed a detection of
control that was less extreme than did the stringent cri-
terion. For the present analysis, the interest was in pro-
viding for the positive acceleration that characterizes
behavior in a fixed interfood interval without simply
recreating the idiosyncrasies of the original distribution,
so the lowest curvature function that would pass through
all but the data point for the predicted bin was used. A
spline’s advantage over a simple linear predictor lies in
the greater fidelity of its curve to the acceleration in re-
sponse rate across the interfood interval.

The frames presented in Figures 1, 2, and 3 provide
the response rate to each bin across the interfood inter-
val for each bird under each procedure. The data for the
6 birds are presented individually in the six columns of
each figure. There did not appear to be sufficient evi-
dence to consider the effects of the two hue orders as dif-

Table 1
Elements of Procedures Used in the Experiment

Number of Bin Bin

Phase Sessions R? 1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10

Group 1 Group 2
Birds 456, 516, 552 Birds 606, 609, 622

1 71 R V O A Y G E T B P O G T E B P Y R A V
2 55 W W W W W W W W B W W W W W W W W W A W
3 42 3 3 3 3 3 3 3 3 B 3 3 3 3 3 3 3 3 3 A 3
4 100 3 3 3 3 3 3 3 T 3 3 3 3 3 3 3 3 3 R 3 3
5 45 3 3 3 3 3 3 E 3 3 3 3 3 3 3 3 3 Y 3 3 3
6 35 3 3 3 3 3 G 3 3 3 3 3 3 3 3 3 P 3 3 3 3
7 40 3 3 3 3 Y 3 3 3 3 3 3 3 3 3 B 3 3 3 3 3
8 40 3 3 3 A 3 3 3 3 3 3 3 3 3 E 3 3 3 3 3 3
9 45 3 3 O 3 3 3 3 3 3 3 3 3 T 3 3 3 3 3 3 3

10 52 3 V 3 3 3 3 3 3 3 3 3 G 3 3 3 3 3 3 3 3
11 30 * 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
12 35 * 3 V 3 3 3 3 3 3 3 3 3 G 3 3 3 3 3 3 3 3
13 40 * 3 3 O 3 3 3 3 3 3 3 3 3 T 3 3 3 3 3 3 3
14 60 * 3 3 3 A 3 3 3 3 3 3 3 3 3 E 3 3 3 3 3 3
15 45 * 3 3 3 3 Y 3 3 3 3 3 3 3 3 3 B 3 3 3 3 3
16 35 * 3 3 3 3 3 G 3 3 3 3 3 3 3 3 3 P 3 3 3 3
17 45 * 3 3 3 3 Y 3 3 3 3 3 3 3 3 3 B 3 3 3 3 3
18 45 * 3 3 3 A 3 3 3 3 3 3 3 3 3 E 3 3 3 3 3 3
19 40 * 3 3 O 3 3 3 3 3 3 3 3 3 T 3 3 3 3 3 3 3
20 40 * 3 3 3 3 3 G 3 3 3 3 3 3 3 3 3 P 3 3 3 3
21 45 * 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
22 30 * 3G 3G 3G 3G 3G 3G 3G 3G 3 3 3P 3P 3P 3P 3P 3P 3P 3P 3 3
23 45 * 3 3 3 3 3 G 3 3 3 3G 3 3 3 3 3 P 3 3 3 3P
24 45 * 3 3 3 3 3 G 3 3 3 3 3 3 3 3 3 P 3 3 3 3

Note—R? = Response Requirement? An asterisk in the R? column denotes that there was a response requirement for the indicated phase. Let-
ters in boldface indicate key colors that occurred in the same position in every trial of the corresponding phase, and are the colors detailed in
the Procedure section (R = red, V = vermilion, etc.). W indicates a white keylight, and 3 represents the random selection (without replacement)
of any color except that of the trace stimulus. The notations 3G and 3P indicate that any key color, including the trace stimulus (green and
purple), could be presented.
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ferent; therefore, the groups are not discussed separately.
Consecutive phases are presented in successively lower
frames. The response-independent procedures (Phases 1
through 10) are presented in Figure 1, and the response-
dependent procedures (Phases 11 through 21) are pre-
sented in Figure 2. The control procedures (Phases 22
through 24 ) are depicted in Figure 3. The 10 bars in each
frame provide the mean response rate across the last five
sessions for the consecutive bins in the interfood inter-
val for the indicated bird in the indicated phase. Markers
below the x-axis in a frame designate the bin that had the
trace stimulus (the same key color on every trial).

Specific Effects
Baselines. The upper row of frames in Figure 1 (a

clocked FT schedule) and the top and bottom row of
frames in Figure 2 (randomly clocked FI schedules) pro-
vide baseline performances against which the effects of
the various trace stimulus procedures can be compared.
Most often, but not necessarily, the rate increased in each
consecutive bin across the interfood interval. Bird 456
was a clear exception,with 9 of 27 bin-to-bin transitions
in the three baseline phases showing a decrease. Addi-
tionally, Bird 609 in Phase 1 and Bird 552 in Phase 11
showed an instance of a bin-to-bin decrease in rate.

FT versus FI. As can be seen in a comparison be-
tween Figure 1 and Figure 2, there appeared to be more
responding, and a greater tendency for responding to
start earlier and to increase across the final portion of the
interval, when the response dependency was in effect.
Because the intent of adding the response requirement
had been to enable a better assessment of the behavior
controlled by trace stimuli in the first half of the inter-
food interval, the behavior change served the purposes
of the experiment. However, even though it is generally
accepted that response dependencies increase the re-
sponse rate over FT schedules, the present procedure was
not sufficient to establish that as a causal effect.

Trace. The effect of primary interest in the present
study was the ability of the trace stimulus to come to
control a behavior change. An overall impression of the
general effectiveness of the trace stimulus in controlling
a behavior change can be obtained by scanning Figures 1
and 2 and noting a rate change when a trace stimulus was
in a particular bin, and the absence of a rate change in ei-
ther the adjacent bins or in the same bin when the trace
stimuluswas absent. The behaviorchange to the trace stim-
ulus exceeded the stringent criterion in 33 of the 48 treat-
ment frames in Figure 1, and in 30 of the 54 treatment
frames in Figure 2. The effect of position on the respond-
ing controlled by the trace stimulus within each bird can
be seen by viewing the columns in Figures 1 and 2.

Figure 1 shows the obtained behavior under the
response-independent procedure when the trace stimulus
was in Bins 9, 8, 7, 6, 5, 4, 3, and 2, successively.The data
for the successive phases are provided in successively
lower rows. There was an increase in the rate of response
to the trace stimulus when it was in the final portionof the

interfood interval (Bin 9, and also in Bin 8 for Birds 606
and 609). A rate decrease typically occurred to the trace
stimulus when the fixed stimulus was in the remaining po-
sitions. In the case of Bird 456, the effect of the trace stim-
ulus was clearly apparent in every position in spite of the
fact that this bird had the most irregular distributionacross
the interfood interval.On the other hand, a scan of the col-
umn for Bird 516 shows that this bird rarely showed a rate
change that exceeded the stringent criterion. The rela-
tively low response rates of this bird undercut the ability
of the present procedure to reveal rate changes attribut-
able to the trace stimulus in this bird.

The same general effect seen in Figure 1 was revealed
when rate change to the trace stimulus was indexed as a
deviation from a spline (or from a linear increase in rate).
Initially, there was a higher rate than that predicted by
the spline (when the trace was in Bin 9 or in Bins 8 and
9). Subsequently, when the trace stimulus was positioned
earlier and earlier in the interval, every bird showed
lower rates than those predicted by the spline until Bin 2
or 3, when the deviation dropped to zero for Birds 606,
622, and 552.

Figure 2 illustrates the effect of the trace stimulus in
the early portion of the interval when the overall re-
sponse rate was increased with the additionof a response
requirement. In general, a pattern similar to that obtained
under the FT schedule occurred. There was a decrease in
rate to the trace stimulus in some birds even in the earli-
est portions of the interval, and, again, this effect did not
necessarily occur in every bird under every procedure.
Overall, the stringent criterion was met in slightly more
than half the cases, even though only the initial portions
of the interfood interval were tested (Bins 2 through 6).
This was a strong effect, in that trace conditioning is not
typically expected to occur at all to stimuli in the first
half of an interfood interval (Gibbon & Balsam, 1981),
and response rates in the early portion of the interval re-
mained low, making it difficult to demonstrate large rate
changes. The general similarity in the effects of the trace
stimulus under the FI procedure with those under the FT
schedule was also evident when the effect of the trace
stimulus was indexed as a deviation from a spline (or a
linear increase). The behaviorof Bird 456 failed to reverse
following the placement of a trace stimulus in Bin 2 for
the second time. Subsequently, this bird exhibited a rate
decrease in Bin 2 even under baseline conditions. As a
result, for this bird, the lower rate to the trace in Bin 2
cannot be interpreted as an effect of the trace stimulus.

Control. In Figure 3, the results of the control proce-
dures implemented to evaluate potential explanations for
the obtained suppression to the trace stimuli are pre-
sented. The top row depicts the data from the randomly
positioned but explicitly unpaired stimulus. This proce-
dure provided information about the response rate main-
tained by a stimulus when it was explicitly unpaired with
the stimulus preceding food presentation, as well as
being explicitly unpaired with food presentation itself.
The bars depict the rate to each bin when one of the nine
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Figure 1. The response rate to each bin across the interfood interval for each bird under each procedure in
Phases 1 through 10. The data for the 6 birds are presented individually in the six columns. Consecutive phases
are presented in successively lower frames. The bars in each frame depict the mean response rate across the last
five sessions for each consecutive bin in the interfood interval for the indicated bird in the indicated phase.
Markers below the x-axis in a frame designate the bin that had the same key color on every trial (the trace stim-
ulus). An arrow above that bin designates that the rate was either higher (point up) or lower (point down) than
the rates to both of the adjacent stimuli for that bin for that bird.
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Figure 2. The response rate to each bin across the interfood interval for each bird under each procedure in Phases
11 through 21. See Figure 1 for a detailed explanation.
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randomly positioned, paired stimuli occurred in that bin,
whereas the whiskers indicate the rate in the bin when
the randomly positioned but explicitly unpaired stimu-
lus was presented in that position. There are no whiskers
in the last two bins of each frame, because the randomly
positionedbut unpaired stimulus never occurred in those
positions. As can be seen, the response rate in a bin was
lower when the explicitly unpaired stimulus occurred in
that bin.

The middle row of frames depicts the results from the
trace-plus-pairing, or converse, procedure. This proce-
dure provided information on the rate that would be
maintained by a fixed trace stimulus when it was not ex-
plicitly unpaired. Even though the trace stimulus was oc-
casionally paired with food presentation and therefore
provided an imperfect predictor of nonreinforcement,
the behavior to the trace stimulus met the stringent cri-
terion for suppression of responding in 3 of the 6 birds.
Every bird showed some degree of suppression in that
all birds had a negative trace-bin-to-spline deviation.
Any rate loss to the fixed stimulus under this procedure
could not be attributed to its being explicitly unpaired.

The bottom row of frames in Figure 3 illustrates the
results obtained when the basic trace procedure used
throughout Experiments 1 and 2 (fixed stimulus in Posi-
tion 6) was reinstituted. These data provide for a local
comparison between the control procedures and a stan-
dard trace procedure. The baseline trace procedure gen-
erated suppression, which exceeded the stringent crite-
rion in 5 of the 6 birds. Every bird had a lower rate to the
trace than that predicted by the spline.

The data from the control procedures presented in Fig-
ure 3 indicate that it is possible to implement sufficient
separation between a randomly presented stimulus and

food presentation to suppress responding to that stimulus.
However, separation from food presentation is not a nec-
essary condition for suppression. Responding is sup-
pressed to trace stimuli early in the interfood interval even
when those stimuli are also paired with food presentation.

Reliability. The difference between the obtained rate
and that predicted by the spline was used as a basis for
determining the reliability of the suppression in response
rate to the trace stimulus across procedures. The distrib-
ution of trace-bin-to-prediction deviations was com-
pared to the distribution of nontrace-bins-to-prediction
deviations in the treatment phases. The reliability of the
difference between the two distributions was assessed
with a Tukey–Kramer HSD test. The probability that the
two distributions would differ as much or more by
chance was less than .05 for each of the 6 birds.

Summary
Frequency. As a simple graphical summary of the ef-

fectiveness of the procedures across birds and replica-
tions, the number of birds whose rates were either above
or below the rates in both of the adjacent bins are pre-
sented in Figure 4. The 10 consecutive bins are provided
across the x-axis, whereas the y-axis indicates the mean
number of birds with rates above (above x-axis) or below
(below x-axis) those in the adjacent bins. As a result, the
dependent measure could vary from 16 to 26. The data
provided for each bin is based on all phases in which that
bin was tested. For example, the treatment effect for Bin
9 is based on the data from Phase 3, whereas the treat-
ment effect for Bin 6 is based on the data from Phases 6,
16, 20, and 24. The baseline frame provides the data for
Bins 2 through 9 for every bird during Phases 1, 11, and
21.

Figure 3. The response rate to each bin across the interfood interval for each bird under each pro-
cedure in Phases 22 through 24. The bars in each frame in the top row designate the rate to random
stimuli in each bin, whereas the whiskers indicate the rate in that bin when the unpaired stimulus
was presented in that position. See Figure 1 for a detailed explanation.
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The top frame in Figure 4 shows that a monotonic in-
crease in rate was not typical of birds when a trace stimu-
lus occurred. Most typically birds had a response rate that
exceeded those of the adjacent bins if the trace stimulus
occurred in Bin 9, and a response rate that was below
those of the adjacent binswhen the trace stimuluswas pre-
sented in Bins 3 through 8. The bottom frame of Figure 4
shows that during baseline, few birds had a rate to a bin
that exceeded or fell below those of both of the adjacent
bins. This would be expected, given that the most typical
pattern across the interval was a steady increase in rate.

Trace position. As a graphical summary of the effec-
tiveness of the trace procedure as a function of position
in the interfood interval, the deviation in responding
controlled by the trace stimuli is presented in Figure 5.
The presentation format summarizes both the relative
magnitude of the increase or decrease in the behavior and
the absolute rate of the adjacent stimuli for the 6 individ-
ual birds across 17 trace procedures as well as 3 baseline
procedures.

The data in Figure 5 are based on the mean response
rates across the last five sessions of each phase. The left
column presents the responding to the trace stimuli, and
the right column presents the responding to the same
bins under the baseline procedures. The six rows of the
figure present the data for the 6 birds individually. The
data for each of the tested bins (2 through 9) across the
interfood interval are depicted by data points above or
below that position along the x-axis. Multiple data points
in a bin indicatemultiple determinations for that bin. The
extent of the deviation above or below the zero point on
the y-axis in each frame indicates the relative degree of
deviation above or below the rate predicted by a spline.

The absolute rate from which the relative deviation
was indexed—the second critical aspect of these data—
is presented as an independent dimension. Whereas the
distance from the x-axis designates the percentage rate

change, the diameter of the data point indicates the mean
response rate to the adjacent bins. In this way, the visual
weight of the data point representing a given percentage
change indicates the absolute response rate of its context
(Tufte, 2001). For example, a large dot well below the
zero point would indicate that the designated trace stim-
ulus controlled a substantial rate decrease in both relative
and absolute terms (such as a response rate of one peck per
second in the trace stimulus with an average of four
pecks per second in the adjacent bins). A well-separated
small dot above the axis would indicate that the trace
stimulus controlled a large relative increase in rate, but
that the absolute rate in that portion of the interval had
been low (such as a total of eight pecks in the trace bin
in the context of a total of only two pecks in the two ad-
jacent bins).

As can be seen in a comparison of the treatment and
baseline columns with respect to percent change (dis-
tance from x-axis), direction of change (positive or neg-
ative y value), and base rate (dot diameter), it is apparent
that the magnitude of the treatment effect (left column)
generally exceeded the magnitude of similar compar-
isons in the baseline (right column) in all but the earliest
portion of the interval. Although the deviations in the
baseline tend toward zero throughout most of the inter-
food interval with an inconsistent effect in the very ear-
liest portion, the trace stimulus controlled a higher rate
in the final portions of the interval and a lower rate in the
earlier portions of the interval. It also showed an incon-
sistent effect in the earliest portion of the interval. The
inconsistent effects in the earliest portions of the interval
are not entirely surprising, in that the response rates were
very low in the very earliest portions of the interval.

DISCUSSION

Figure 4, which summarized the frequency across birds
of exceeding the stringent criterion, and Figure 5, which
summarized the magnitude of the effect for each bird in
each bin, provided two different overviews of the reliable
behavior change controlled by trace stimuli throughout
the interfood interval as were detailed in Figures 1, 2, and
3. That behaviorchange demonstrates that it can no longer
be asserted, without support, that behavior in the inter-
food interval is the result of poor stimulus control or lack
of attention to stimuli early in the interval.

The strength of this effect was considered surprising
for the following reasons. First, each trial was segmented
into 10 different key colors, with one stimulus presented
in a fixed temporal position and the remaining nine stim-
uli randomly resequenced for each trial. In order to come
in contact with the unique aspects of the trace stimulus,
the bird had to repeatedly attend to all 10 elements of vir-
tually random sequences. Second, a different trace stim-
ulus was used for each different trace interval. The hue
that was presented in a fixed position and unpaired with
food in a given phase had been randomly presented and
paired with food in the prior phase. Finally, there was no

Figure 4. The mean number of birds whose rates exceeded the
stringent criterion in each bin under the treatment (upper frame)
and baseline (lower frame) conditions. Birds with rates above the
adjacent bins are depicted above the axis. Birds with rates below
the adjacent bins are depicted below the axis.
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explicit change in reinforcement rate contingenton a be-
havior change to the trace stimulus.

The fact that a reliable behavior change occurred to
the trace stimuli does not indicate the nature of that con-

trol. There are two potential explanations for the ob-
tained behavior change to the trace stimuli in the present
study. The first is a modified version of the traditional
explanation for trace conditioning. This modified posi-
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tion begins with the role of the relative contingency of
the stimulus with the final reinforcer and extends that
notion to include a gradient extending from a strong pos-
itive correlation with food presentation at the end of the
interval to a strong negative correlation with food pre-
sentation at the beginning of the interval. This view
would suggest that the dominant effect obtained in the
present study was the acquired inhibitory control over
the terminal behavior of a stimulus correlated with a
nonreinforced position in the interfood interval, against
an excitatory context provided by the randomized clock
and temporal stimuli (Barnet & Miller, 1996; Dinsmoor
et al., 1986;Palya, 1993;Silva & Timberlake,1998, 1999).

The alternate position would diminish the role of tem-
poral position and argue that the nine randomly pre-
sented stimuli in each phase were each occasionallypaired
with food presentation and, as a result, were each condi-
tioned; on the other hand, the trace stimulus in each of
those procedures was never paired with food, and any
conditioning to it would, therefore, be expected to extin-
guish. From the latter view, the effect obtained in the
present study would be the result of an extinguishedstim-
ulus in a set of nine distinct excitatory stimuli.

The results from Phase 22 support the latter interpre-
tation, in that an explicitly unpaired stimulus came to
control a lower response rate. However, it would appear
that this view—that is, that of the neutral trace stimulus
compared against a set of nine excitatory stimuli—not
entirely appropriate. The results from Phase 23 showed
that a trace stimulus could control a rate suppression
even when it was also paired with food presentation as
often as the other stimuli were. The resolution of the de-
gree to which each of these factors controls the behavior
in very long trace procedures awaits further research.

In addition to the rate suppression to the trace stimu-
lus, the present procedures resulted in the characteristi-
cally lower rates that occur to portions of the interfood
interval that were further removed from the reinforcer.
This “temporal effect” could not be attributed to a lack
of attention or a failure of control by key stimuli, given
that the general rate loss across the interfood interval oc-
curred in birds that exhibited reliable rate changes to
very early trace stimuli. The existence of the trace effect
indicated that the temporal effect was not due to a lack
of stimulus control or a lack of attention, because a spe-
cific stimulus out of a set of 10 continued to control dif-
ferential behavior even when it was in the early portion
of the interfood interval. The occurrence of a behavior
change to the trace stimulus throughout the interfood in-
terval indicated that behavioral regularities across a
fixed temporal interval are more complex than either the
inability of any but the very last portion of an interfood
interval to condition behavior, or a simple loss of atten-
tion. If either of the latter were the case, then the trace
stimulus would have failed to maintain differential be-
havior in the early portions of the interval.

There are several incompatible views of how behavior
should equilibriate across the trial to within-trial explicit

stimuli other than the stimulus with the greatest conti-
guity with the upcoming food presentation.For example,
information views (see, e.g., Egger & Miller, 1962; Sut-
ton & Barto, 1990) argue that the first of a series of stim-
uli should control the highest rates; a simple discrimina-
tion view (see, e.g., Ferster & Skinner, 1957) argues that
only the last stimulus should control behavior; and con-
ditioned reinforcement or higher order conditioning
could be invoked, after the fact, to account for virtually
any behavior. This discrepancy in prediction and lack of
systematic rules of application indicates that the rules for
predicting behavior to serial stimuli are not yet suff i-
ciently formal.

Unfortunately, the problem has not received as much
research interest as have programs examining behavioral
adaptation with increasing experience (Hull, 1943; Res-
corla & Wagner, 1972), behavioral adaptation across an
unsignaled temporal interval (Gallistel & Gibbon, 2000;
Miller& Schachtman,1985;Spence, 1956), or behavior to
concurrently available alternatives (Baum, 1974; Herrn-
stein, 1970; Mazur, 2002). However, comprehensive
principled models that can simultaneously accommodate
acquisition, timing, choice, and within-trial events are es-
sential if behavior is to be predicted in a wide variety of
situations.

Palya (1993) noted that behavior change with experi-
ence and behavior change across a trial were independent
forms of dynamic behavior and are most productively
depicted as such. He proposed a general conceptual
framework that provided a structure within which both
acquisition and within-trial measures could be consid-
ered. His model specifies the behavior expected to stim-
uli that have systematically differing correlations with
reinforcement, and it provides a continuous surface that
depicts the expected behavior at each point in the gradi-
ent as a function of each amount of experience. The sim-
plest, best known instantiation of this type of gradient is
a fixed interfood interval. However, other procedures
that result in an analogous gradient of correlations with
the reinforcer produce similar results (Palya & Bevins,
1990). In a fixed interfood interval, the temporal stimuli
at the end of the interval have the highest positive corre-
lation with the reinforcer, whereas stimuli at the onset of
the interval have the highest negative correlation with
the reinforcer.

A graphical representation of the expected idealized
output of Palya’s (1993) bipolar model as applied to
fixed interfood intervals is provided in Figure 6. The
passage of time within a trial is depicted across the
x-axis, increasing experience is depicted from the front
to the back of the figure, and the dependent measure is
indicated on the y-axis. As can be seen, different behav-
iors are expected to be controlled by the stimuli most
positively and most negatively correlated with the pri-
mary reinforcer. The right rear corner of the figure (the
end of the trial after much experience) specifies that
strong approach or terminal behavior would be expected.
The left rear corner (the beginningof the trial after much
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experience) specifies that strong avoidance or inhibition
of the terminal behavior would be expected.

Palya’s (1993) bipolar model was based on the find-
ings that stimuli correlated with successively later por-
tions of the second half of an interfood interval func-
tioned as successively stronger reinforcers for the
response class that produced them; stimuli correlated
with successively earlier portions of the first half of an
interfood interval were successively better at supporting
their own removal (Dinsmoor et al., 1986; Palya, 1993).
Palya (1993) reasoned that both Pavlovian and operant
procedures could, therefore, be expected to control be-
havior in a similar fashion, with opposing vectors occur-
ring at opposite ends of a gradient of correlations with
the upcoming reinforcer. Stimuli correlated with the
maximum likelihood of the reinforcer (Smax) would con-
trol terminal behavior, whereas stimuli correlated with
the minimum likelihood of the reinforcer (Smin) would
control some other behavior, such as escape, inhibition,
or an element from a different behavior system (Dins-
moor, 1983; Palya, 1993; Palya & Bevins, 1990; Silva &
Timberlake, 1998, 1999). From this perspective, it is pos-
sible for all portions of the interval to conditionbehavior.
For example, a bipolar view would argue that the behav-
ior to a clock was indicativeof the behavior controlled by
each portion of an interval rather than the result of higher
order conditioning that never extinguishes. A unipolar
view, on the other hand, would argue that conditioning
does not occur once the separation from reinforcement
exceeds some relatively short duration.

The bipolar model is consistent with any view that ar-
gues that stimuli correlated with the reinforcer should
control terminal behavior, whereas stimuli signaling the
absence of the reinforcer should be inhibitory or control
some other behavior. These plausible notions are well
supported in the literature (Barnet et al., 1997; Dinsmoor,
1983; Palya, 1993; Silva & Timberlake, 1998). The out-
put function of the bipolar model could result from a va-
riety of proposed underlying processes (Gallistel & Gib-

bon, 2000; Miller & Schachtman, 1985; Rescorla &
Wagner, 1972).

The present results provide some support for the bipo-
lar model in that the trace stimuli could acquire control
over a behavior change in some birds even in the earliest
portions of the interval. Furthermore, control changed
from excitatory in the final portions of the interval to in-
hibitory (with respect to the terminal behavior) in the
earlier portions of the interval. Both of these findingsare
inconsistent with any unipolar view that would suggest
that the effects of reinforcement dissipate to zero rela-
tively quickly as a stimulus is further removed from the
reinforcer. The present findings also contrast with views
suggesting that the early portion of a fixed interfood in-
terval controls little attention to explicit temporally cor-
related stimuli (Shull, 1979).

However, some details of the present findings were not
predicted by Palya’s (1993) bipolar model. As is summa-
rized in Figure 5, the crossover between excitatory and in-
hibitory control did not occur at the approximate midpoint
of the interval; the relative suppression or facilitationcon-
trolled by the trace stimuli across the interval at equilib-
rium was relativelydichotomousin form rather than ogival
in all but one bird; and the magnitude of the suppression to
the trace stimulus did not continue to increase across the
earliest portions of the interfood interval. Whether these
discrepancies require a substantive modification of the
bipolar model or reflect only changes in parameter values
or the inappropriate translation of the behavior into nu-
merical indices remains an empirical question.
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