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Many studies have used a symbolicmatching-to-sample
task to study memory for event duration in pigeons (see
Grant, Spetch, & Kelly, 1997, for a review). In a typical ex-
periment, trials begin with the presentationof a houselight
or keylight stimulus for either a short (e.g., 2 sec) or a long
(e.g., 8 sec) duration. Following termination of the dura-
tion sample, two comparison stimuli are presented for a
choice. Choice of one comparison is reinforced on trials
initiatedby the short sample, and choice of the alternative
comparison is reinforced on trials initiated by the long
sample.

When subsequently tested at delays longer than the
training delay, pigeons demonstrate a choose-short effect
(e.g., Grant & Kelly, 1996, 1998; Grant & Spetch, 1991,
1993,1994;Kraemer, Mazmanian,& Roberts, 1985;Santi,
Bridson,& Ducharme, 1993;Spetch,1987;Spetch& Rusak,
1992a; Spetch & Wilkie, 1982, 1983; Wilkie, 1987). That
is, when tested at delays longer than the training delay, pi-
geons tend to choose the comparison associated with the
short sample. The dominant explanationmaintains that pi-
geons code durations in a retrospective, analogical form
and that the choose-short effect arises because the analog-
ical representation foreshortens during a delay interval
(e.g., Grant, 1993;Grant & Spetch, 1991,1993;Grant et al.,
1997; Roberts, Macuda, & Brodbeck, 1995; Santi et al.,
1993;Spetch,Grant,& Kelly, 1996;Spetch& Rusak,1992b;
Spetch & Wilkie, 1982, 1983).

Recently, Santi, Ross, Coppa, and Coyle (1999) studied
memory for empty time intervals in pigeons. In their pro-
cedure, the intervals to be timed were bounded by mark-
ers. On some trials, onset and termination of the empty in-
terval to be timed, either 2 or 8 sec in duration,was marked

by 500-msec light presentations, and on other trials was
marked by 500-msec tone presentations.Following acqui-
sition with a 0-sec delay, pigeons were tested with delays
of 0, 1, 3, and 9 sec. Regardless of whether the empty in-
tervals were marked by tone or light, pigeons demon-
strated a modest choose-short effect at the 1-sec delay and
a choose-longeffect at both the 3-sec delay and, especially,
the 9-sec delay. Hence, in contrast to the typical result ob-
tained when filled intervals are employed, Santi et al.’s
(1999) empty-intervals procedure resulted in a tendency
to choose the comparison associated with the long, rather
than with the short, sample at delays longer than the train-
ing delay.

Although Santi et al.’s (1999) finding of a choose-long,
rather than a choose-short, effect at longerdelays suggests
the intriguingpossibility that memory processingmay dif-
fer as a function of whether intervals to be timed are filled
or empty, Santi et al. (1999) argued instead that their find-
ings reflected timing of a new interval initiatedby the sec-
ond time marker on some trials.On such occasions, they ar-
gued,pigeonsshould tend to respond to the short-associated
comparison at a 1-sec delay because the remembered dura-
tion, 1 sec, is closer to short (2 sec) than to long (8 sec). In
contrast, on occasionswhen the second marker initiatedtim-
ing a new interval and the delay was 9 sec, pigeons should
tend to respond to the long-associatedcomparisonbecause
the remembered duration,9 sec, is closer to long (8 sec) than
to short (2 sec). The notion that the second marker might
initiate timing of a new interval on some occasions is par-
ticularly plausible because the first and the second mark-
ers were the same physical stimulus.

The experiments reported in this article also assessed
memory for empty time intervals in pigeons. In contrast to
the procedure employedby Santi et al. (1999), in which the
first (start) and second (stop) markers were always the same
stimulus on any particular trial, the first and the second
markers were always different colored keylights on any
particular trial in the present experiments. In the consistent
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Pigeons were trained to discriminate short (2 sec) and long (8 sec) empty intervals that began each
trial. In group consistent, onset of an empty intervalwas marked by a brief presentation of red keylight,
and termination of the interval was marked by a brief presentation of green keylight. In group incon-
sistent, red and green served equally often as the first and second markers across trials. Testing re-
vealed that, in group consistent, (1) birds were sensitive to the relation between marker color and
marker type and (2) presentation of the second marker did not initiate timing a new interval. Testing
also revealed a robust choose-long effect at delays longer than the training delay and indifference be-
tween the comparisons on no-sample trials. Both of the latter findings differ from those typically ob-
tained when filled intervals are employed. It was concluded that pigeons process filled and empty in-
tervals differently.
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group, the first marker was a 1-sec presentation of three
red keylights, and the second marker was a 1-sec presen-
tation of three green keylights. In the inconsistent group,
althoughthe first and the second markers were always dif-
ferent on a trial, red and green served equally often as the
first and second markers across trials. Hence, for subjects
in the consistent group, the second marker should be un-
likely to initiate timing of a new interval, because its role
as a stop signal should be firmly established by the train-
ing regimen. Moreover, use of different start and stop
markers in group consistent allowed empirical assessment
of whether or not the second marker sometimes initiated
timing a new interval, and that assessment is reported in
Experiment 3.

EXPERIMENT 1

Pigeons were trained to respond to a line of one orien-
tation after a short (2-sec) empty interval and to the alter-
native line orientation after a long (8-sec) empty interval.
In group consistent, the onset of an empty interval was
marked by presentation of red keylights, and the termina-
tionof the intervalwas marked by green keylights.In group
inconsistent, red and green served as start and stop signals
equally often across trials, although the onset and termi-
nation of an empty interval was marked by different col-
ored keylights on any particular trial. Using consistent
start and stop markers in group consistentwas designed to
reduce the likelihood that the second marker (i.e., green
keylights)would, on some occasions, initiate timing a new
interval.

As a second procedural modification of Santi et al.’s
(1999) protocol, training trials involveda variable delay in
the range of 1–3 sec. The purpose of this aspect of proce-
dure was to reduce the likelihood that onset of the com-
parisons, rather than onset of the second marker, would ter-
minate timing. Grant and Kelly (1996) have shown that
use of short variable delays does not alter memory pro-
cessing of filled intervals in pigeons. Hence, it is reason-
able to assume that use of short variable delays in the pres-
ent procedure would not qualitativelyalter processing and
that its effect would be limited to enhancing control over
timing termination by the second marker.

Followingacquisition,pigeons received consecutivere-
tention tests in which the delays were 0.5, 2 (61), and
10 sec in the first test and were 2 (61), 10, and 20 sec in
the second test. Because the procedure in group inconsis-
tent was similar to that employed by Santi et al. (1999), a
replication of their result (i.e., a choose-long effect at de-
lays longer than the training delay) was anticipated. Inter-
est focused on whether a similar choose-longeffect would
also occur in group consistent. The latter result would be
consistent with the idea that pigeons process empty and
filled time intervals differently.

Pigeons were also tested on occasional probe trials in
which no sample (and, hence, no marker) was presented.
(Although this test was conducted following Experi-
ment 3, it is reported here for clarity and economy of ex-

position.) Studies employing filled temporal intervals
have revealed that pigeons demonstrating a choose-short
effect respond on no-sample trials as if the sample had
been short (e.g., Fetterman & MacEwen, 1989; Gaitan &
Wixted, 2000; Spetch & Wilkie, 1983). Given the results
of Santi et al. (1999), it seemed unlikely that birds would
treat no sample as a short sample, at least in group incon-
sistent, in which a choose-long effect was anticipated.Al-
ternatively, it could be argued that the choose-long effect
arises following training with empty temporal intervals
because pigeons code only the occurrence of a short sam-
ple and respond to the long-associated comparison by de-
fault, in the absence of a code indicating that a short sam-
ple had been presented. If so, pigeons demonstrating a
choose-long bias during retention testing should demon-
strate a similar bias on no-sample trials.

Method
Subjects

Sixteen Silver King pigeons (Columba livia), each approximately
1.5 years old at the start of training, were maintained at 80% of their
free-feeding weight. The birds were housed individually in wire-
mesh cages and were given unrestricted access to water and health
grit. Home cages were kept in a colony room, illuminated on a
12:12-h light:dark cycle, with light onset at 0600 h. All the birds had
prior experience in identity delayed matching-to-sample tasks using
vertical and horizontal lines as sample and comparison stimuli.
Eight birds were assigned at random to group consistent, and the re-
maining 8 were assigned to group inconsistent.

Apparatus
Training and testing was conducted in eight identical operant

chambers, each measuring 29.0 3 29.0 3 24.0 cm (height 3 length
3 width). In each chamber, a horizontal alignment of three circular
pecking keys (each 2.5 cm in diameter, and with side keys separated
edge-to-edge from the center key by 3.0 cm) was centered along one
end wall. The key alignment was raised 22.5 cm from the barred-
floor base of the chamber. Affixed behind each key was an Industrial
Electronics, Inc. (Van Nuys, CA) in-line projector. All three projec-
tors were capable of transilluminating red or green fields. Both side-
key projectors were capable of transilluminating a 0.7-cm-wide
white line oriented 45º to the left of vertical or 45º to the right of
vertical. A force greater than 0.15 N applied to any key was recorded
as a keypeck. The top edge of a 5.0-cm-wide 3 5.5-cm-high rec-
tangular opening was located 9.0 cm directly beneath the edge of the
middle key. This opening provided access to a retractable food mag-
azine. A 28-V lamp, recessed within the magazine opening, was ac-
tivated when the food magazine was raised. Each chamber was en-
closed in a sound- and light-attenuating booth. Within each booth,
an exhaust fan provided ventilation and, supplemented by an exter-
nal white noise generator, provided masking auditory stimulation.
All the experimental booths were isolated in the same darkened run-
ning room. The only illumination inside the chamber was provided
by activation of keylights and the magazine light. Experimental
events were controlled from, and responses were recorded by, a mi-
crocomputer located in an adjoining room. Experimental sessions
were conducted daily 6 days per week and began at approximately
the same time each day.

Procedure
Training. For birds in group consistent, each trial began with a 1-

sec presentation of red light on all three pecking keys (start marker).
Termination of the red lights was followed by a dark interval of ei-
ther 2- (short) or 8-sec (long) duration. The end of the interval was
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marked by onset of green light on all three pecking keys that lasted
for 1 sec (stop marker). Termination of the green keylights was fol-
lowed by a short, variable delay that ranged from 1 to 3 sec in 0.5-
sec increments. Termination of the delay was followed immediately
by presentation of the right-slanted line comparison stimulus on one
side key and the left-slanted line comparison stimulus on the re-
maining side key. A single peck to either comparison stimulus ter-
minated both. For 4 subjects, a peck to the left-slanted comparison
stimulus after the short sample and a peck to the right-slanted com-
parison stimulus after the long sample were designated as correct
matches and thus resulted in reinforcement, consisting of 2.5 sec of
magazine-illuminated access to mixed grain from the food hopper.
Alternatively, a peck to the right-slanted line after the short sample
and a peck to the left-slanted line after the long sample were desig-
nated as incorrect matches and thus resulted in nonreinforcement,
consisting of 2.5 sec of darkness without mixed grain. For the re-
maining 4 subjects, these contingencies were reversed. For birds in
group inconsistent, trials were the same as in group consistent, ex-
cept that red and green served equally often as the start and stop
markers across trials. On any particular trial, the start and stop mark-
ers were always of a different color.

Sessions consisted of an equal number of short- and long-sample
trials. Within each session, the side-key location of the correct com-
parison stimulus was varied randomly across trials, with the restric-
tion that, over all trials with each sample, the correct comparison
stimulus appeared equally often on the left and right keys.

Each trial concluded with the onset of a dark intertrial interval
(ITI), the duration of which varied randomly in 5-sec increments
within a range of 10–30 sec (M = 20 sec). Each session consisted of
64 trials. The pigeons were advanced to extended-delay testing when
they reached a criterion of two consecutive four-session blocks in
which overall accuracy equaled or exceeded 85%. Pigeons that had
not reached criterion by Block 52 (Sessions 205–208) were dropped
from the experiment.

Extended-delay testing. Testing consisted of two consecutive
test phases, each consisting of eight test sessions. Each test session
was preceded by two baseline sessions identical to those in training.
In both test phases, all parameters and procedures for test sessions
were identical to those of training, except that the delay between ter-
mination of the second marker and onset of comparison stimuli var-
ied among three values. In the first test phase, on a randomly deter-
mined 75% of the trials, the delay was equivalent to that of training
and hence varied between 1 and 3 sec in 0.5-sec increments. On a
randomly chosen half of the remaining 25% of trials, a 0.5-sec delay
was interpolated between sample termination and comparison stim-
uli onset. On the remaining half of these trials, a 10-sec delay oc-
curred. In the second test phase, as in the f irst, on a randomly
determined 75% of the trials, the delay was equivalent to that of
training and, hence, varied between 1 and 3 sec in 0.5-sec increments.
On a randomly chosen half of the remaining 25% of trials, a 10-sec
delay was interpolated between sample termination and comparison
stimuli onset. On the remaining half of these trials, a 20-sec delay oc-
curred. In both test phases, both samples occurred equally often be-
fore each of the three delays, and the position of the correct com-
parison stimulus was balanced within sample-type and delay-
interval factors. Correct responses on extended-delay trials were re-
inforced in accord with the contingencies of training. Eight consec-
utive training sessions, identical to those described previously, were
interpolated between the two phases of extended-delay testing.

No-sample testing. Following completion of Experiment 3, the
birds received four test sessions that were identical to their baseline
sessions, except for the addition of 8 no-sample trials (total of 72 tri-
als per session). On these trials, no markers were presented, and the
comparisons followed the ITI and variable-delay interval. One no-
sample trial was scheduled to occur in each 9-trial segment during
test sessions; on 4 of these trials, the short-associated comparison
was on the right key and the long-associated comparison on the left
key, and on the remaining 4 trials, this arrangement was the reverse.

A response to either comparison was reinforced on all no-sample tri-
als. Percentage of choice of the short-associated comparison on no-
sample trials was computed for each bird. Each test session was pre-
ceded by two baseline sessions identical to those described in
training.

In all the experiments reported in this article, statistical analyses
employed p < .05 to define the critical region for rejection of the null
hypothesis.

Results
Training

In group consistent, 7 of 8 birds met criterion prior to
the last block of training (Block 52, Sessions 205–208).
For these 7 birds, the mean number of blocks required to
reach criterion (not including the 2 criterion blocks) was
26.1 (range, 16–44). In group inconsistent, only 2 of 8
birds met criterion and required 11 and 17 blocks of train-
ing, respectively, to do so (counterbalancing of the com-
parison stimuli across samples was preserved). Birds not
reaching criterion were assigned a score of 52. A t test re-
vealed that blocks to criterion in group consistent (M =
29.4) did not differ from that in group inconsistent [M =
42.5; t(14) = 1.69]. Nonetheless, the fact that 7 of 8 birds
acquired in group consistent,whereas only 2 of 8 acquired
in group inconsistent, suggests that a consistent relation-
ship between stimulus color and marker type (i.e., start
and stop) rendered the task more tractable.

Extended-Delay Testing
Results of the first phase of testing, in which the delays

were 0.5, 2 6 1 (as in training), and 10 sec, are shown in
Figure 1. The pattern of retention was highly similar in the
two groups. Both groups demonstrated high accuracy on
both short- and long-sample trials at the trainingdelay and
a robust choose-long effect at the 10-sec delay. At the 0.5-
sec delay, accuracy was slightly lower than at the training
delay, although neither group demonstrated a choose-
short effect at this delay.

A group 3 sample duration 3 delay analysis of vari-
ance (ANOVA) revealed a significant effect of delay
[F(2,14) = 201.25] and a significant sample duration 3
delay interaction [F(2,14) = 4.87] as the only significant
terms. The significantsample duration 3 delay interaction
confirms the reliabilityof the choose-longeffect at the 10-
sec delay.

The results of the second phase of testing, in which the
delays were 2 6 1, 10, and 20 sec are shown in Figure 2.
As in the first phase of testing, the birds were highly accu-
rate at the trainingdelay and demonstrateda robust choose-
long effect at delays greater than the training delay. An
ANOVA identical to that performed on the data from the
first phase of delay testing again revealed a significant ef-
fect of delay [F(2,14) = 137.39] and a significant sample
duration 3 delay interaction [F(2,14) = 5.70] as the only
significant terms.

No-Sample Testing
Collapsed across the four sessions of testing, the per-

centage of choice of the short-associated comparison
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stimulus on no-sample trials was 54.3 6 6.3 (mean 6
SEM, based on 224 observations) and 50.2 6 0.5 (mean
6 SEM, basedon 64 observations) in groupsconsistentand
inconsistent, respectively. Hence, neither group demon-
strated a bias for one comparison over the other on no-
sample trials.

Discussion
Acquisition of accurate matching with empty time in-

tervals proceeded much more slowly in the present exper-

iment than in those reported by Santi et al. (1999). For ex-
ample, in Experiment1 of Santi et al. (1999) in which a tone
was used as the marker, the birds received 3,000 trials of
training. In the present experiment, in contrast, 7 birds (6
in group inconsistent) failed to reach satisfactory levels of
accuracy after over 13,000 trials of training. Moreover, the
9 birds that did meet criterion (7 in group consistent) re-
quired an average of over 6,000 trials to do so. Several pro-
cedural differences may have contributed to between-
experimentsdifferences in task difficulty, including(1) use

Figure 1. Percentage of correct responses as a function of delay on short- and long-
sample trials in group consistent and inconsistent in the first delay test in Experi-
ment 1. Each baseline (2 6 1) datapoint is based on 1,344 and 384 observations in
groups consistent and inconsistent, respectively. All other datapoints are each based
on 244 and 64 observations in groups consistent and inconsistent, respectively.
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of highly discriminable color comparisons in Santi et al.
(1999) versus use of less discriminableline comparisons in
the present experiment, (2) use of a fixed, 0-sec delay in
Santi et al. (1999) versus use of a variable, nonzero delay
in the present experiment, and (3) use of highly salient,
ambient markers in Santi et al. (1999; tones and overhead
lights) versus use of less salient, more localized keylights
in the present experiment.

In accord with the results of Santi et al. (1999), both
extended-delay tests revealed a robust choose-long effect

at delays longer than the training delay. Moreover, the
magnitude of the choose-long effect was statistically
equivalent in the two groups. Santi et al.’s (1999) notion
that the second marker sometimes initiates the timing of a
new interval would explain the choose-long effect at
longer delays in group inconsistent, in which the second
(stop) marker on any particular trial often served as the
first (start) marker on other trials.However, use of red lights
as start markers and green lights as stop markers on all tri-
als in group consistent was designed to reduce the likeli-

Figure 2. Percentage of correct responses as a function of delay on short- and long-
sample trials in group consistent and inconsistent in the second delay test in Exper-
iment 1. Each baseline (2 6 1) datapoint is based on 1,344 and 384 observations in
groups consistent and inconsistent, respectively. All other datapoints are each based
on 244 and 64 observations in groups consistent and inconsistent, respectively.
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hood that the second marker would induce the timing of a
new interval.To the extent that the training regimen in group
consistent was effective in preventing the second marker
from initiating timing, the present results suggest that
filled and empty intervals engage different forms of tem-
poral coding. It could be argued, however, that the birds in
group consistent were insensitive to the relation between
color and type of marker and, therefore, that the second
marker often initiated the timing of a new interval in this
group. The next experiment examined whether the birds in
group consistent were indeed sensitive to the relation be-
tween color and marker type, and Experiment 3 assessed
directly the extent to which the second marker initiated
timing in each group.

The finding that birds did not demonstrate a preference
for the long-associated comparison on no-sample trials
rules out one explanationof the choose-longeffect during
extended-delay testing. That explanation maintains that
the choose-long effect arises from a strategy in which pi-
geons choose the long-associated comparison by default
and choose the short-associated comparison only when
memory for that event is present at the time of choice.
That explanation, however, predicts a strong preference
for the long-associatedcomparison and, hence, a very low
percentage of short choices on no-sample trials, a result
that was not obtained. Instead, it appears that absence of a
time marker failed to engage the timing process and, there-
fore, pigeons responded randomly to the comparisons.

EXPERIMENT 2

Group consistentwas exposed to test sessions in which,
on half the trials, the relation between marker color and
marker type was the same as that in previous training and
testing (i.e., red start and green stopon same trials), whereas
on the remaining half of the trials, this relation was oppo-
site to that in previous trainingand testing (i.e., green start
and red stop on opposite trials). To the extent that the birds
in group consistent were sensitive to the relation between
marker color and marker type, accuracy should be higher
on same than on opposite trials. For comparison, trials in
group inconsistent involving the marker sequence red–
green were designated same, and those involving the se-
quence green–red were designatedopposite. Of course, for
the birds in group inconsistent, these designations were

arbitrary, in that their training and testinghistory involved
an equal number of trials involving both sequences.

Method
Subjects and Apparatus

Those pigeons that had met the acquisition criterion in Experi-
ment 1 (n = 7 in group consistent and n = 2 in group inconsistent)
served as subjects. The apparatus was the same as that in Experi-
ment 1.

Procedure
For the birds in both groups, test sessions were identical to the

training sessions for group inconsistent in Experiment 1. That is, half
the trials involved the marker sequence red–green (same as in the
training for group consistent) and were designated same, and the other
half involved the marker sequence green–red (opposite that in the
training for group consistent) and were designated opposite . The
birds in both groups received eight test sessions, each preceded by a
single baseline session identical to those received in Experiment 1.
The experiment was conducted immediately following the end of ex-
tended-delay testing in Experiment 1.

Results
Accuracy on same and opposite trial types as a function

of sample duration, collapsed across the eight sessions of
testing, is shown in Table 1. Accuracy was markedly lower
on opposite than on same trials in group consistent, but
was equivalent on the two types of trials in group incon-
sistent.A trial type 3 sample duration 3 groupANOVA re-
vealed that the two groups were affected differently by the
trial type manipulation, in that the trial type 3 group in-
teraction was significant [F(1,7) = 12.15]. To further as-
sess the nature of this interaction, separate trial type 3
sample duration ANOVAs were performed on the data
from each group. The ANOVA confirmed higher accuracy
on same thanon oppositetrials in groupconsistent[F(1,6) =
38.82]. Although the trial type manipulation appeared to
have a greater effect on long- than on short-sample trials,
that result was not statistically reliable, in that the trial type
3 sample duration interactionwas not significant[F(1,6) =
2.13]. A similar ANOVA performed on the data from
group inconsistent failed to reveal any significant terms.

Although accuracy on opposite trials in group consis-
tent exceeded chance [t(6) = 5.87], a session-by-session
examination of performance revealed that accuracy on
these trials increased across sessions, rising from 52.3%
on Session 1 to 73.7% on Session 8. A one-way ANOVA

Table 1
Percentage of Correct Responses (Mean ± SEM )

on Same and Opposite Trials in Experiment 2

Same Trials Opposite Trials

Short Long Mean Short Long Mean

Group M SEM M SEM M SEM M SEM M SEM M SEM

Consistent 86.4 2.1 90.2 1.7 88.3 1.5 71.1 3.8 59.8 7.8 65.5 2.6
Inconsistent 91.0 5.1 92.2 1.6 91.6 3.3 94.1 0.3 94.1 1.2 94.1 0.8

Note—On same trials, the marker sequence was red–green, as it had been during training in group con-
sistent. On opposite trials, the marker sequence was green–red, the reverse of that in training in group
consistent. In group consistent, each cell entry (excluding the Mean column) is based on 896 observa-
tions. In group inconsistent, each cell entry (excluding the Mean column) is based on 256 observations.
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confirmed the increase in accuracy across sessions
[F(7,42) = 7.06], and a t test revealed that accuracy did not
differ from chance in the first session [t(6) = 1.01].

Discussion
The subjects in group consistentdemonstrated markedly

lower accuracy on trials involvinga marker-color –marker-
type relation different from that of their prior training his-
tory. Hence, the birds in group consistentwere sensitive to
that relation. The fact that accuracy on opposite trials in
group consistent increased across testing sessions sug-
gests that the birds in this group rapidly learned to report
the duration of the empty interval that intervened between
the “reversed” markers. Importantly, however, accuracy on
opposite trials did not exceed chance on the first session
of testing in group consistent.Hence, it is unlikely that the
choose-long effect demonstrated in this group in Experi-
ment 1 resulted from the second marker’s initiating the
timing of a new interval. Experiment 3 involved a direct
test of whether the second marker on a trial sometimes ini-
tiated the timing of a new interval in either group incon-
sistent or group consistent.

EXPERIMENT 3

Santi et al. (1999, Experiment 3) reported data from tri-
als on which the first time marker was omitted and the
comparison stimuli were presented 0, 1, 3, or 9 sec after
termination of the single time marker on that trial. A plot
of percentage of long choices as a function of delay re-
vealed V-shaped functions.Specifically, the percentageof
long choices was particularly low at the 1-sec delay and
was particularlyhigh at the 9-sec delay, relative to those at
the 0- and 3-sec delays. Certainly, these data indicate that
presentation of the marker on single-marker trials did ini-
tiate timing of an interval (i.e., the delay interval). Santi
et al. (1999) concluded that these data supported the fur-
ther suggestion that the second marker on typical two-
marker trials sometimes initiated the timing of a new in-
terval.However, the latter conclusionappears unwarranted.
Specifically, because the first and the second marker were
physically identical, onset of the “second” marker on a
first-marker-omitted trial would be completely indiscrim-
inable from onset of the first marker on standard, two-
marker trials. Hence, it is not difficult to understand why
this “second” marker initiated timing of an interval. How-
ever, whether a second marker on a standard two-marker
trial would also initiate timing of a new interval on some
trials is not addressed by Santi et al.’s (1999) experiment.
On a standard two-marker trial, the second marker is dis-
criminable from the first, not because it is a different phys-
ical stimulus, but because it occurs shortly (i.e., either 2 or
8 sec) after a first marker.

In the present experiment, the first time marker was
omitted on some trials. Thus, in group consistent, the first
(red) marker was omitted, only the second (green) marker
was presented,and comparisononset followed termination
of the marker by either 0, 2, or 8 sec. To the extent that the

18 sessions of baseline training that intervened between
Experiments 2 and 3 reestablished green as a marker to
stop timing, little effect of delay length on the percentage
of long choices would be expected. The subjects in group
inconsistent served as a control. For these birds, onset of
the “second” marker on first-marker-omitted trials should
initiate timing of a new interval, if for no other reason than
it was not possible to discriminate this marker from the
first marker on typical two-marker trials. Hence, the birds
in group inconsistentwere expected to demonstrate a par-
ticularly low percentage of long choices when the compar-
isons appeared 2 sec after the marker terminated and to
show a particularly high percentage of long choices when
the comparisons appeared 8 sec after marker termination.

Method
Subjects and Apparatus

The subjects were the same as those in Experiment 2 (n = 7 in
group consistent and n = 2 in group inconsistent), and the apparatus
was the same as that in Experiments 1 and 2.

Procedure
Eighteen baseline training sessions identical to those described in

Experiment 1 intervened between the last session of testing in Ex-
periment 2 and the first session of testing in the present experiment.
The present experiment consisted of four test sessions, each pre-
ceded by two baseline sessions. For the subjects in both groups, test
sessions consisted of 60 trials on which only the green time marker
was presented for 1 sec. Recall that the green marker had served ex-
clusively as the second (stop) marker in group consistent and had
served equally often as the first and second marker in group incon-
sistent. Three equiprobable delays, 0, 2, and 8 sec, followed termi-
nation of the time marker, and the left–right positioning of the short-
associated and long-associated comparison stimuli was balanced
within delay length. Choice of either comparison was reinforced
during test sessions, and the percentage of long choices was
recorded as a function of delay interval. All other aspects of proce-
dure were the same as those in Experiment 1.

Results
The percentage of long choices as a function of delay

following termination of the green time marker is shown
in Figure 3. Group inconsistent, as was expected, revealed
a V-shaped function, with a particularly low level of long
choices at the 2-sec delay and a particularly high level of
long choices at the 8-sec delay. In group consistent, on the
other hand, there was little effect of delay on percentageof
long choices.

A group 3 delay ANOVA revealed a significant inter-
action [F(2,14) = 20.54]. To further analyze this interac-
tion, one-way ANOVAs were performed on the data from
each group. The ANOVA in group inconsistent revealed a
significant effect of delay [F(2,2) = 24.32] and a signifi-
cant quadratic trend [F(1,1) = 1372.37]. In group consis-
tent, in contrast, neither the effect of delay nor the linear or
quadratic trend was significant.

Discussion
The data from group inconsistent are highly similar to

those reported by Santi et al. (1999, Experiment 3). That
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is, a V-shaped function arose when percentage of long
choices was plotted as a function of delay. This pattern is
precisely that expected if the time marker on single-marker
trials initiated timing of a new interval. As was noted pre-
viously, however, this result does not necessarily imply
that the second marker on standard two-marker trials
sometimes initiates timing of a new interval.

Of primary interest in the present experiment were data
from group consistent. In contrast to group inconsistent,
choices in this group were not influenced by length of
delay, suggesting that the green time marker, which had
been experienced as the stop time marker in training, did
not initiate timing of a new interval. Hence, the choose-
long effect obtained in this group in Experiment 1 cannot
be attributed to the second time marker’s occasionally ini-
tiating the timing of a new interval. Moreover, given the
equivalent magnitude of the choose-long effect in groups
consistent and inconsistent, it appears unlikely that differ-
ent processes are operating in the two groups. Indeed, it is
more parsimonious to assume that whatever process(es)
produced the choose-long effect in group consistent also
operated to produce that effect in group inconsistent.

GENERAL DISCUSSION

The present experiments extended the research of Santi
et al. (1999), in which pigeonswere trained to time empty
intervals of 2 or 8 sec that were bounded by the presenta-
tion of a brief stimulus. In contrast with Santi et al’s (1999)
procedure, in which the same physical stimulus served as
the first (start) and second (stop) time marker, the first and

second markers on any particular trial were different col-
ored keylights in the present research. In group consistent,
1-sec red keylightsalways served as the first marker and 1-
sec green keylightsalways served as the second marker. In
group inconsistent, red and green served equally often as
first and second markers across trials.

In accord with Santi et al.’s (1999) results, and in con-
trast to the typical result when pigeonsare trainedwith filled
intervals, testing at delays considerably longer than the
training value revealed a robust choose-long effect. The
first experiment in the present series also examined per-
formance on occasional probe trials in which no sample
and, hence, no markers were presented. Although pigeons
trained with filled intervals show a strong tendency to
choose the short-associated comparison on no sample tri-
als, the birds in both groups in the present study revealed
indifference between the comparisons, choosing each on
approximately half of the no-sample trials. In addition to
revealinga second difference in performance when pigeons
are trained and tested with filled versus empty intervals,
that test also ruled out the possibility that pigeons choose
the long-associatedcomparison by default and choose the
short-associatedcomparisononly when memory for a short
interval is available at the time of choice.

Although Santi et al. (1999) attributed the choose-long
effect to a tendency for the second time marker to initiate
timing of a new interval (i.e., the delay interval) on some
trials, Experiments 2 and, especially, 3 in the present series
ruled out operation of such a mechanism, at least in group
consistent.Experiment 2 revealed that birds in group con-
sistent were sensitive to the fixed relation between marker

Figure 3. Percentage of choice of the long-associated comparison stimulus as a
function of delay on trials in which only one marker was presented in groups con-
sistent and inconsistent. The marker consisted of a 1-sec presentation of three green
keylights. This marker was the second (stop) marker on typical two-marker trials in
group consistent. Each datapoint is based on 560 and 160 observations in groups
consistent and inconsistent, respectively.



MEMORY FOR EMPTY TIME INTERVALS 301

type (start or stop)and marker color. Experiment3 revealed
that presenting only the second marker on probe trials did
not initiate timing of a new interval in group consistent.
Although presenting only the “second” marker did initiate
timing on probe trials in group inconsistent, as was noted
earlier in this article, this finding does not necessarily
imply that presentation of the second marker on typical
two-marker trials would also initiate timing a new inter-
val. Moreover, given between-groups equivalence in the
magnitude of the choose-long effect, it is most parsimo-
nious to assume that whatever mechanism produced the
choose-long effect in group consistent also operated to
produce that effect in group inconsistent.

In summary, two empirical differences in performance
have been identified as a function of whether pigeons are
trained and tested with filled or empty intervals. First, pi-
geons demonstrate a choose-short effect at long delays
when tested with filled intervalsbut demonstrate a choose-
long effect at long delays when tested with empty inter-
vals. Second, pigeons demonstrate a strong tendency to
choose the short-associated comparison on no-sample tri-
als in the filled-interval procedure but demonstrate no
comparison-stimulus bias on such trials in the empty-
interval procedure. Although the research reported in this
article revealed that the choose-long effect is not always a
result of the second time marker initiating timing of a new
interval, additional empirical work is required to identify
why pigeonschooselongat longdelaysand why theychoose
randomly on no-sample trials in the empty-interval pro-
cedure. Perhaps hybrid procedures (e.g., using start and
stop markers in a filled-interval procedure) or transfer
procedures (e.g., turning on the houselight during inter-
vals after training in an empty-interval procedure) might
reveal clues regarding mechanism.
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