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In the time-left procedure, a task used to study prospective timing, animals choose between two stim-
uli that signal different delays to reinforcement. Trials begin with one stimulus signaling C seconds to
reinforcement and, at different moments since its onset, another stimulus, signaling S seconds to rein-
forcement, with C > S, is introduced. Optimal performance consists in choosing the stimulus signaling the
shorter time to reinforcement. Animals have been found to perform in this optimal way. However, this
procedure is complex and variables other than time may be responsible for the results. In two exper-
igeons
ime-left procedure
iming

iments with pigeons we sought to improve the time-left procedure to better isolate the effect of time
in the animals’ behavior. We attempted to control for two confounding variables, the asymmetry in the
time markers from training to testing and the cost of switching between the two response alternatives.
We conclude that in the time-left task pigeons seem indeed to regulate their behavior based on time
because, with our improved procedure, they still chose the stimulus associated with the shorter time to
food. However, our version of the procedure created new interpretative difficulties, strengthening the

ocedu
idea that the time-left pr

. Introduction

Our understanding of the temporal regulation of behavior in ani-
als and humans has made substantial progress during the last

ecades. Researchers have developed a variety of procedures for
tudying timing and have obtained robust findings with them. A
ase in point is the time-left procedure, a prospective timing task
eveloped by Gibbon and Church (1981).

In this procedure animals are required to judge, from moment
o moment, which of two response options will yield food in the
horter amount of time. At the start of each trial, one option is
ikely to yield food sooner than the other, but as the trial continues,
he time considerations shift in favor of the other option (see also
allistel, 1990; Shettleworth, 1998).

More specifically, animals choose between two stimuli that
ignal different delays to reinforcement, a standard (S) stimulus
ssociated with a fixed-interval (FI) schedule and a comparison
timulus (C) associated with a longer FI schedule. A trial always

tarts with C and then, at a certain time T into the trial, S also is
ntroduced. From then on, the animals can choose between the two
lternatives. In the original procedure (Gibbon and Church, 1981;
xperiment 1), rats chose between a FI 30 s (S = left lever) and a FI
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re may be too complex to study timing.
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60 s (C = right lever) and T could equal 15 s, 30 s or 45 s. The crucial
question is how preference varies with T. If S is introduced at T sec-
onds, then to minimize time to food the animal should choose C
whenever C − T < S, i.e., 60 − T < 30 or T > 30; and it should choose S
whenever C − T > S, i.e., 60 − T > 30 or T < 30.

The aim of Gibbon and Church (1981) in developing the time-
left procedure was to determine if the subjective time scale was
linear or logarithmic. Consider the test when T = 30 s. If the time
scale is logarithmic, the subjective magnitude of the time-left to
food signaled by C should be smaller than the subjective magnitude
signaled by S (in a logarithmic scale, the subjective magnitude of
the second 30-s interval, i.e., from 30 s to 60 s, is smaller than the
subjective magnitude of the first 30-s interval, from 0 s to 30 s);
therefore the animal should favor C. However, if the time scale is
linear, the subjective magnitude of the time-left to food signaled
by C should be equal to the subjective magnitude signaled by S
and therefore the animal should be indifferent between the two
levers. The results, displayed in Fig. 1, were consistent with a linear
subjective time scale, for the rats were indifferent between the two
levers at T = 30 s and strongly preferred S at T = 15 s but C at T = 45 s.

Machado and Vasconcelos (2006) replicated with pigeons the
foregoing experiment. As can be seen in Fig. 1, they obtained

roughly the same results, with two differences. First, pigeons
showed stronger preferences than rats, for S when T = 15 s and for
C when T = 45 s. Second, the pigeons’ preference curves decreased
whereas the rats’ preference curves remained relatively constant.
Although the steady state results were mostly the same, Machado

http://www.sciencedirect.com/science/journal/03766357
http://www.elsevier.com/locate/behavproc
mailto:castro.anacatarina@gmail.com
dx.doi.org/10.1016/j.beproc.2010.02.011
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Fig. 1. Proportion of responses on the C stimulus as a function of time since the trial
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illuminated with green and 10 with the right key illuminated with
egan. The parameter is the time of entry of the S stimulus. The empty circles show
ibbon and Church’ (1981; Experiment 1) results and the filled circles Machado and
asconcelos’ (2006, Experiment 1) results.

nd Vasconcelos (2006) found that the pigeons’ performance
hanged during testing, evolving from the first to the last test ses-
ions from non-optimal to optimal in terms of minimizing the time
o reinforcement. In contrast with Gibbon and Church’s account
1981), Machado and Vasconcelos (2006) showed that performance
uring testing is not due exclusively to the previous training with
eparate FIs, but requires the animals to experience the contingen-
ies of the test trials.

The time-left procedure is complex and the relationships inher-
nt in it are not yet fully understood (Preston, 1994; Cerutti and
taddon, 2004). Part of the complexity is methodological, for some
ariables may be confounded with temporal discrimination. First,
he time marker for the S interval changes from training to test-
ng. To see this consider that, during training, each FI trial starts

ith the illumination of the houselight and one of the two key-
ights, C or S, following a dark intertrial interval (ITI). Hence, the
ime marker for the two intervals is a salient event. In contrast, dur-
ng testing, the time marker for the C interval remains the same, but
he time marker for the S interval changes because, when the S key
s introduced into the trial, the chamber is already illuminated by
he houselight and the C key. Hence, the time marker for the S key is
ess salient during testing. If time markers inhibit responding, this
symmetry in salience may explain the fact that, in Machado and
asconcelos’ (2006) study, the preference for S was higher at the
eginning than at the end of testing. The reduced salience of the
ime marker for S during testing may have disinhibited responding
o this stimulus (Staddon and Innis, 1969); the pigeons would then
elearn the time markers during testing.

Second, during test trials, behavioral momentum (Nevin, 2002)
ay reduce the likelihood that the animals will switch from one

ey to the other. In fact, Machado and Vasconcelos (2006) reported
hat on most test trials, with both keys available, the pigeons chose
ne key and stayed on that key till the trial ended. When the S key
s introduced, the pigeon may be orienting, approaching or even
ecking the C key. Because the pigeon may not be equidistant from
he two keys and may actually already be pecking at the C key –
onditions more likely to hold when T = 45 s than when T = 15 s –
hanging over to the S key may be more costly than staying at the
key; hence, the observed greater bias towards C at T = 45 s than at
= 15 s. In summary, differences in time markers and potential costs

f switching may obscure the effects of temporal discrimination.

The goal of the present study was to better isolate the effect
f temporal perception in the time-left procedure by controlling
or some methodological variables that may be confounded with
oural Processes 84 (2010) 490–499 491

this effect. To conclude that, in the time-left procedure, animals
are regulating their behavior based on the signaled delays to food,
we need to control for these non-temporal variables.

Although not a central question in the current study, we also
return to the original goal of the time-left experiment and evaluate
the nature of the subjective time scale, linear versus logarithmic.

2. Experiment 1

In the present experiment we attempted to overcome the
two foregoing problems. First, we reduced the asymmetry in the
salience of the time markers during training and testing. Specifi-
cally, during the ITI the houselight remained illuminated. This way,
the time marker for the two FIs was the illumination of the cor-
responding keylight. Despite the fact that, on test trials, when the
S key appeared, the C key was already illuminated, this difference
seemed much weaker than the difference in the original time-left
procedure.

Second, we attempted to reduce the cost of switching between
keys during testing. To that end, the keys were alternately turned
on and off during the trial (see also Dews, 1962, 1965a,b, 1966a,b).
If the animals stop responding during the off-periods, then switch-
ing between keys may be less costly. At issue here is whether
pigeons perform optimally in the time-left procedure when these
non-temporal variables are controlled for.

2.1. Methods

2.1.1. Subjects
Six experimentally naive pigeons (Columba livia) participated

in the experiments: P170, P178, P841, P890, P948 and PG12. They
were maintained at 80% of their free-feeding body weights and
housed in individual home cages with water and grit continuously
available. A 13:11 h light/dark cycle, beginning at 8:00 am, was in
effect in the pigeon colony.

2.1.2. Apparatus
Three standard experimental chambers for pigeons from Med

Associates® were used. The front panel of each chamber contained
three keys, 2.6 cm in diameter, centered on the wall 24 cm above the
floor and 6 cm apart, center to center. The keys could be illuminated
from behind with a red or green light. Directly below the center
key and 6 cm above the floor was a hopper opening measuring
6 cm × 5 cm. The bird had access to mixed grain when the hopper
was raised and illuminated with a white light. On the opposite wall
of the chamber another white light provided general illumination.
The box was also equipped with a 65-dB tone generator (Sonalert®).
An outer box equipped with a ventilating fan enclosed the experi-
mental chamber. A personal computer controlled all experimental
events and recorded the data.

2.1.3. Procedure
Pretraining. Two birds were randomly assigned to each of the

three chambers. The six pigeons learned to peck the keys using an
autoshaping procedure. On a given trial, the right or the left key was
illuminated with a red or a green light. If 6 s had elapsed since trial
onset or the pigeon had pecked the key, reinforcement was deliv-
ered for a period of 4 s. An ITI lasting 30 s followed. The houselight
was always turned on except during feeding. Each session com-
prised 40 trials, 10 trials with the left key illuminated with green,
10 with the left key illuminated with red, 10 with the right key
red.
FI training. Next, all birds were trained on two modified FI sched-

ules, FI 30 s and FI 60 s. The assignment of the FI schedules to the left
and right keys and to the red or green colors was counterbalanced
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Fig. 3. Average performance during the last five training sessions in Experiment 1.
The top panel shows the response rate curves, with corresponding standard errors,
for the C trials (filled circles) and S trials (empty circles). The dotted curve represents
ig. 2. Structure of the regular S trials (FI 30 s). In each 10-s cycle, the keylight is
n during the first 7 s and off during the last 3 s. S+ means that reinforcement is
vailable.

cross birds. The assignment remained the same until the end of
he experiment (e.g., for one bird the left key, illuminated with red
ight, was associated always with the FI 60 s schedule and the right
ey, illuminated with green light, was associated always with the
I 30 s schedule).

Each training session comprised 60 trials, 30 of each FI schedule,
resented in random order. We call these trials regular and refer to
hem individually as S trials (standard trials – FI 30 s) and C trials
comparison trials – FI 60 s). Fig. 2 shows the typical structure of a
raining trial (in this case, a regular S trial). Each trial was divided
nto 10-s cycles and during each cycle the key was turned on for the
rst 7 s (the on-period) and turned off for the last 3 s (the off-period).
he S trials lasted at least 3 cycles of 10 s each, and the C trials lasted
t least 6 cycles of 10 s.

Each trial began with the illumination of one of the keys, with
he appropriate light color, and a 500 ms tone. To prevent the birds
rom pecking the keys during the off-periods, reinforcement was

ade available only during the 3.5–7 s interval of the on-period.
e called this interval the reinforcement period. For example, on

he S trials (see Fig. 2), the first opportunity to get a reinforcer
ould be on the fourth cycle, but only after 3.5 s into its on-period

dashed area). We started the experiment (the first 12 sessions)
ith the reinforcement available during the entire on-period, but

hen we noticed that pigeons pecked at a high rate when the keys
ere turned off and suppressed responding when they were on.

he unlit key had become a discriminative stimulus for pecking
ecause pigeons were receiving reinforcement immediately after
eing exposed to it (food became available right after the key had
een turned on). Once we restricted reinforcement to the last 3.5-s
egment of the on-period, the pigeons pecked mostly when the keys
ere lit.

The first response emitted after the fixed-interval plus the left-
ver period of 3.5 s elapsed turned the keylight off and raised
he food hopper. The hopper duration varied across birds from
s to 4.5 s. These durations were adjusted for each bird during

he first sessions in order to maintain body weight with minimal
xtra session feeding. After feeding, a 15–45-s variable ITI (mean
alue = 30 s) began. The houselight was on during the entire ses-
ion, except when food was delivered. Training with regular trials
ontinued until the FI scallops were clearly established and did not
hange systematically by visual inspection. The number of training
essions ranged across birds from 58 to 61.

Testing. Test sessions included three types of trials: regular S tri-
ls, regular C trials and test C + S trials. Test trials started as if they
ere regular C trials (i.e., with the illumination of the C key) and, at
= 0 s, 10 s, 20 s, 40 s, 50 s or 60 s, the S key also was illuminated and

he 500 ms tone was presented (when T = 0, the trial started with
oth keys illuminated simultaneously). When food became avail-

ble on one key, the first peck on that key during the reinforcement
eriod turned both keylights off and raised the food hopper. After
ood delivery, the ITI began. As during regular trials, the houselight
as on during the entire test session except during feeding.
the normalized S curve, i.e., the data for the S trials were transformed linearly by a
factor of 2 in order to plot them in the same scale as the data from the C trials. The
bottom panel shows the absolute number of responses to both keys as a function of
the time into the trial.

Test sessions comprised 48 regular trials (24 of each FI schedule)
and 12 test trials (so that each value of T was presented twice). All
pigeons except P841 completed 35 test sessions. P841 completed
37 due to the accidental loss of two sessions.

2.2. Results and discussion

FI training. All pigeons learned the two temporal discrimina-
tions. As the top panel of Fig. 3 shows, average response rate
increased as time elapsed in the intervals, reaching a maximum
during the last cycle. These discriminations followed the scalar
property (Gibbon, 1977): the curves for the C and S trials, when
normalized, superimposed (compare the filled and empty circles).
However, the curves did not have the standard sigmoid shape
associated with FI schedules with an average response rate close
to zero immediately after the time marker (e.g., Machado and
Vasconcelos, 2006). In the present experiment the pause was sig-
nificantly reduced and the functions, especially for the S trials, were
almost linear.

The bottom panel of Fig. 3 shows average response rate per
second. Two facts are noteworthy. First, animals reduced or even
suppressed responding during the off-periods (i.e., 7–10 s, 17–20 s,
etc.). And second, besides the FI discrimination (i.e., from 0 s to
either 30 s or 60 s), there was evidence also of intra-cycle discrim-

ination, for average response rate increased at the beginning of
each cycle, peaked around 3.5 s, and then decreased. This find-
ing can be seen most clearly during the third cycle of the S trials
and after the third cycle of the C trials. The present trials’ struc-
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ig. 4. Structure of the test trials. The C key was illuminated since trial onset (t = 0).
he S key was illuminated at different times (T) into the trial. Relative response rate
as measured during the overlapping solid segments of the two keys.

ure is somewhat analogous to the peak procedure (Catania, 1970;
oberts, 1981), for the animals learn that if they do not receive
einforcement around 3.5 s in each cycle, then food will not be
vailable on that cycle (resembling an empty trial of the peak
rocedure).

From this observed micro-timing, we may find an explana-
ion for the fact that the post-time marker pauses were greatly
educed in the present experiment. The off-periods caused pigeons
o develop small scallops within the first two cycles and this was
robably responsible for the higher responses rates at the begin-
ing of the time intervals. The linear instead of sigmoid-shaped
urves seem to suggest that the temporal control exerted by the
ime markers (i.e., lighting of the key at the end of the illuminated
TI) was not very strong, at least when compared with the usual
imer marker (i.e., the end of food delivery and the onset of the
eylight and houselight).

Testing. All the analyses were restricted to the cycles during
hich both keys were available and neither could yield reinforce-
ent. In Fig. 4 those cycles correspond to the overlapping segments

f the C and S keys. When T = 0, 10 or 20, the measures were taken
or three cycles since S was introduced. Because on the fourth cycle
he animals could already receive reinforcement on the S key, the
ycle duration was not constant and therefore this cycle was not
ncluded in the analysis. When T = 40, the test trial lasted at least
wo cycles. After these two cycles, the trial could end with rein-
orcement on the C key; therefore measures were taken only for
he first two cycles. Similarly, when T = 50, the test trial lasted at
east one cycle; on the next cycle reinforcement was already avail-
ble on the C key. Therefore, when T = 50, measures were taken only
or the first cycle. For the same reason, we did not include in the
nalysis test trials with T = 60.

Preference for the C key was measured by relative response rate
i.e., the total number of pecks on the C key divided by the total
umber of pecks on both keys). The top left panel of Fig. 5 shows
he preference functions for three different moments of the test
hase. The average data were representative of the individual ones,
herefore only the former are presented in the figure.1 Data from

he test sessions were grouped in 7 blocks of 5 sessions each and
ata from block 1 (first), 4 (middle) and 7 (last) are shown. Con-
ider first the last block, the steady state. The mean curve shows
hat preference for the C key increased with T, the moment the

1 Figures with individual data were available from the authors.
oural Processes 84 (2010) 490–499 493

S key was inserted into the trial. When T = 0, 10 and 20, pigeons
preferred on average the S key and when T = 40 and 50 they pre-
ferred the C key. These results reproduce Gibbon and Church (1981)
and Machado and Vasconcelos (2006). Individual preference curves
revealed some variation across subjects mainly in the slope of the
functions. However, it was the case that preference for C tended to
increase with T. The point of subjective equality (PSE) averaged 22 s
(range: 7–31 s), revealing a slight bias for C.

Most pigeons behaved differently during the first block. With
the exception of P890, who presented from the beginning of test-
ing a sigmoid-shaped function, the pigeons showed relatively flat
functions, which revealed indifference (e.g., PG12), bias for C (e.g.,
P170 and P948), or bias for S (e.g., P178 and P841). For the latter
four pigeons, and because of bias, the PSE could not be defined. For
pigeons P890 and PG12 the PSE was 29 s and 13 s, respectively. From
the first to middle to last blocks, the preference functions rotated
and assumed steeper slopes. The PSE for the middle block averaged
25 s (range: 10–49 s). In summary, the PSE did not change system-
atically across testing: for some pigeons it decreased, for others it
increased; in general, it was below 30 s.

To assess the statistical significance of the differences in pref-
erence for C across T and across blocks, we performed a two-way,
repeated-measures ANOVA, with T and block as factors. The results
revealed a significant effect of T [F(4,20) = 26.06, p < 0.01], but
no effect of block [F(2,10) = 0.16, p = 0.85] or of their interaction
[F(8,40) = 1.96, p = 0.08], although this last effect approached sig-
nificance.

The foregoing results differ from those reported by Machado
and Vasconcelos (2006). In their study, the pigeons started the test
phase with a stronger bias for the S key and the preference curves
for C at the end of testing assumed steeper slopes than in the present
study. The fact that we found no systematic bias for S strengthens
the idea that Machado and Vasconcelos’ (2006) results could have
been due to a disinhibition in responding to the S key as a conse-
quence of the change in the salience of the time marker from the
regular to the test trials. Relearning the time marker would account
for the steeper functions at the end of testing.

The four lower panels of Fig. 5 show the average response rate
curves on the S and C keys (regular and test trials), for the first
and last blocks of testing. The curves for the regular trials (lines
without symbols) were obtained as follows. First, for each bird, the
response rate data from all S or C trials were averaged. Next, each
point along the individual average curve was divided by the maxi-
mum response rate value of that curve. This transformation forced
all curves to be between 0 and 1 and facilitated the comparison of
curves with different terminal rates. In the end, the six individual
curves were averaged to obtain the group curve. By comparing Fig. 3
and the four lower panels of Fig. 5 (lines without symbols), we found
that performance on the regular trials did not differ appreciably
from training to testing.

The remaining curves correspond to the group averages during
the test trials. In Machado and Vasconcelos (2006), pigeons tended
to choose one key and stay on that key until the end of the trial.
Based on this fact, the authors defined two types of trials, those on
which the animal preferred the S key and those on which the animal
preferred the C key. From each trial type they obtained a response
rate curve for the corresponding key. In our experiment, however,
the animals switched frequently between the two keys and, conse-
quently, all test trials were used to obtain the average response rate
curves for both keys. For example, for the C key, the response rate
data from all test trials of each pigeon were averaged into an indi-

vidual average curve. Next, to make the comparisons across birds
meaningful, each point of the individual average curve was divided
by the maximum average response rate during that animal’s regu-
lar C trials (i.e., the same value used to normalize the curve for the
regular C trials). Finally, the curves were averaged across subjects.
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Fig. 5. Pigeons’ performance across the test phase in Experiment 1. Top left panel: average preference for the C key. Relative response rate to the C key is presented against
the moment the S key was illuminated into the trial. The filled triangles show the data from the first block, the empty circles from the middle block and the filled circles from
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he last block. Top right panel: scatterplot showing the relationship between the tw
reference is plotted against preference measured by the relative response rate. M
f the test phase. The graphs on the left show the data for the first five sessions (fir
raphs show the response rate curves on the C key and the bottom ones on the S ke

he same steps were followed to calculate the average response
ate curve on the S key.

In Fig. 5, the middle and bottom panels show the response rates
n the S and C keys, respectively. The corresponding left and right
anels show the response rates during the first and last blocks.

Consider the left panels. They show that, during the first block,
ntroducing the S key during a test trial caused response rate to
ecrease, both on the S (middle left panel) and C (bottom left panel)
eys. This decrease varied with time since the introduction of the
ey (along t, the abscissa) but not with the moment the S key was

ntroduced (with T, the parameter). Concerning the S key (middle
eft panel), the regular and test curves did not differ in the first data
oint. In contrast, in Machado and Vasconcelos’ (2006) study, the
rst data points of the test curves were significantly above the first
ata point of the baseline (regular) curve, another expression of
sures of preference for the first, middle and last blocks (average data). All-or-None
and bottom panels: average response rate curves during the regular and test trials
k) and those on the right the data for the last five sessions (last block). The middle

the disinhibition of responding to the S key that resulted from the
change in time markers from training to testing. Hence, our attempt
to equate the time markers of training and testing seemed to have
been effective.

The reduction with respect to baseline of response rate during
test trials may be the result of distributing the responses by the two
keys (response competition) or averaging all the test trials without
classifying them (e.g., trials during which a pigeon pecked only the
S key were included also in the curves for the C key). However,
because the first data point of each test curve is close to baseline,

we concluded that, at least for each key, there was no evidence of
disinhibition of response rate immediately after the onset of the S
key.

During the first block, the effect of T was either non-existent (S
key, middle left panel) or small (C key, bottom left panel). Specif-
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cally, for the same time into the trial, t, the response rates on the
key corresponding to different values of T were similar. On the C
ey there was a small effect of T in that, at t = 45 s, the rate for T = 40
as greater than for T = 20.

Comparing the left with the right panels, it can be seen that
rom the first to the last block response rate changed as follows.
or the S key (middle), the amount of change in response rate with
espect to baseline increased with T (i.e., for the same time into the
rial, t, the points corresponding to the larger T values tended to
e below the points corresponding to the shorter T values); for the
key (bottom), the opposite was the case, the amount of change

n response rate decreased with T (i.e., for the same time into the
rial, t, the points corresponding to larger T values tended to be
bove the points corresponding to shorter T values). These pat-
erns are expected from the stronger preference for C with larger T
alues.

For the S key, optimal performance would be for the test curves
ith T ≤ 20 (empty symbols) to equal zero and those with T > 20

filled symbols) to overlap the regular curve. For the C key the
pposite should be the case. During the last block our pigeons
pproached this optimal pattern.

We conclude that the schedule performance patterns and their
hanges during testing (middle and bottom panels of Fig. 5) were
onsistent with the analysis of preference (top left panel of Fig. 5).
ogether, they support the following description. During the first
est trials, pigeons’ behavior was not significantly affected by T.

ost preference functions were either flat or increased slightly
ith T; the response rate curves on the C and S keys were not

ignificantly different for the different values of T. In the course
f testing, performance changed. At the steady state, preference for
he C key increased with T. Schedule performance analysis revealed
hat response rate on the S key decreased with T, whereas on the C
ey it increased with T.

Switching. When the two keys were present during testing,
he pigeons switched frequently between keys. The total num-
er of changeovers during the first block of sessions averaged 35
range 12–66). As further evidence of learning during testing, three
igeons decreased significantly the number of changeovers from
he first to the last block of sessions: from 12 to 1 for P170, from
2 to 39 for P890, and from 66 to 34 for PG12. However, because
he other three pigeons did not change significantly the number
f changeovers, a paired-samples t-test yielded no significant dif-
erences between the first and last blocks [t(5) = 1.28, p = 0.26; last
lock: M = 27, range: 1–39].

High switching rates may obscure or even exclude temporal reg-
lation. In fact, by switching frequently, a pigeon would eat as soon
s possible without paying the costs of comparing the delays to
ood associated with the two keys. This hypothesis could explain
he fact that the preference functions were not steep: except for
igeon P170, preference for the S key when T was small, and for
he C key when T was large, was only halfway between indiffer-
nce and exclusive preference. In fact, the pigeon that switched
he least between the two keys displayed the most extreme per-
ormance at the steady state (P170). The other pigeons switched

ore frequently (from 26 to 39 switches per session) and had less
xtreme preference functions at the steady state.

All-or-None preference. Measuring preference using the relative
ate of responding may be hard to interpret if the animal pecks the
wo keys at different rates. In our experiment we observed that, on
egular trials, all pigeons pecked the S key with higher rates than
he C key (see Fig. 3 for the average). This fact suggested a second

ay to measure preference. On a test trial, the first response made

y the animal after the S key was illuminated determined which
ey was considered the preferred key on that trial. If the first peck
as on the C key, that trial received a score of 1. If the first peck was

n the S key, it received a score of 0. Preference was then measured
oural Processes 84 (2010) 490–499 495

by averaging the scores for each value of T. We called this measure
‘All-or-None preference’.

When a two-way, repeated-measures ANOVA was run with the
All-or-None preference measure, it revealed a significant effect
of T [F(4,20) = 8.11, p < 0.01], but no effect of block [F(2,10) = 0.77,
p = 0.49] or of their interaction [F(8,40) = 0.56, p = 0.81]. These
results were consistent with those obtained from relative response
rate.

To analyze the relationship between the two measures of pref-
erence, the top right panel of Fig. 5 displays the scatterplot for
the average data, with fitted linear regression equations. The indi-
vidual data (not presented in the figure) showed some variability,
both between subjects and between blocks for the same subject.
We found strong positive correlations (e.g., P170 and P948 for all
blocks), almost zero correlations (P178 and P890 during the last
block) and even negative correlations (P841 in the first and PG12
in the middle blocks). Despite this variability, on average, the two
measures of preference were strongly positively correlated (top
right panel of Fig. 5; r2 = 0.93 for the first and last blocks, 0.96 for
the middle block). These findings seem to suggest that, with a few
exceptions, the two measures of preference were consistent and,
therefore, that relative rate of responding may be a reliable measure
of preference in this task.

2.3. Conclusions

The present findings globally replicated Gibbon and Church
(1981) and Machado and Vasconcelos (2006). At the steady state,
pigeons chose the key associated with the least time to reinforce-
ment. The specific values of our subjects’ steady state preference
functions were more similar to those obtained by Gibbon and
Church (1981) with rats, but they were achieved only after learn-
ing took place during testing, bringing support to the idea first
stated by Machado and Vasconcelos (2006), that in the time-left
task performance changes with testing.

Our goals in this experiment were partially achieved. First we
reduced the asymmetry in time markers as evidenced by the
absence of disinhibition in responding to the S key during test tri-
als. Second, we reduced pecking during the off-periods. However,
these procedural changes seem to have triggered new interpreta-
tive difficulties. Pigeons switched frequently between keys during
test trials and this fact yielded preference functions that were shal-
lower than in Machado and Vasconcelos’ (2006) study. The second
experiment attempted to reduce switching and better reveal how
preference varies with the signaled delays to food.

3. Experiment 2

In Experiment 2, we attempted to prevent the pigeons from
switching frequently between the two keys during the test tri-
als, thereby making it more likely that they would regulate their
choices on the basis of the delays to food. To that end, we restricted
the time of choice to the first 3.5 s from the moment the S key
was illuminated. Only during this period could the animals switch
freely between keys; the first peck after this period eliminated the
non-chosen alternative.

The procedure from Experiment 1 was designed to reduce
the potential cost of switching between the two keys. In Experi-
ment 2 we added another improvement. As in Experiment 1, we
maintained a reduced cost of switching for the first changeover

because, immediately before the S key was introduced, both keys
were turned off (off-period). However, once the pigeon made its
choice (during the first 3.5 s of the on-period), only the chosen
key remained available, therefore preventing the large amount of
switching observed in Experiment 1.



4 ehavi

3

3

u
t
n
b

3

s
f
e
m

m
w
s
3

E
a
fi
u
fi
f
P
c

3

i
t
I
s

s
fi
t
m

e
s
C
d
P
F
P

w
f
b
w
P
3

t
e
p

n
w
F
t

96 A.C. Vieira de Castro, A. Machado / B

.1. Methods

.1.1. Subjects and apparatus
The same six pigeons that participated in Experiment 1 were

sed. Housing conditions remained the same. The chambers were
he same as in Experiment 1, except that the keys could be illumi-
ated from behind with a yellow light or a white triangle in a dark
ackground.

.1.2. Procedure
FI training. In Experiment 2 the two FI schedules remained the

ame, FI 30 s and FI 60 s. To reduce potential carryover effects
rom the previous experiment, the keys were now illuminated with
ither a yellow light or a white triangle and the left–right assign-
ent of the two schedules was reversed.
The structure of training sessions and trials reproduced Experi-

ent 1. Training with regular trials continued until the FI scallops
ere clearly established and did not change systematically across

essions. The number of training sessions ranged across birds from
0 to 45.

Testing. The structure of test sessions and trials reproduced
xperiment 1 except that, during test trials, the pigeon had only
period of 3.5 s after the illumination of both keys to choose; the
rst peck after this period elapsed turned the non-chosen key off
ntil the end of the trial. If a response was not emitted during the
rst cycle when both keys were illuminated simultaneously, in the

ollowing cycle the 3.5 s period rule operated again. Pigeons P170,
890, P948 and PG12 completed 35 sessions of testing. Pigeon P178
ompleted 45 and pigeon P841 completed 50 sessions.

.2. Results and discussion

FI training. Stable performances were similar to those observed
n Experiment 1 in that response rate increased monotonically with
ime, reaching a maximum during the last cycle of the interval.
n addition, the pigeons showed also an intra-cycle discrimination
imilar to that illustrated in Fig. 3.

Testing. As in Experiment 1, preference for the C key was mea-
ured by the relative rate of responding to that key, but because the
rst peck after 3.5 s turned off the non-chosen key, we restricted
he measure of preference to the period when both keys were illu-

inated, i.e., until one peck turned the non-chosen key off.
The top left panel of Fig. 6 shows how preference for the C key

volved across the test phase (average data).1 Consider first steady
tate performance. As found in Experiment 1, preference for the
key increased with T. The sigmoid-shaped average curve repro-

uced well the data of four pigeons. The exceptions were pigeons
841 and P948 who showed stronger bias for C when T was small.
or five pigeons, the PSE averaged 19 s (range: 7–19 s); for pigeon
841 the PSE could not be defined.

During the first and middle blocks, sigmoid-shaped functions
ere already well defined and very similar to the function obtained

or the last block. Concerning the PSE, it averaged 21 s in the first
lock (range: 6–32 s) and 16 s in the middle block (range: 8–26 s). It
as not possible to define the PSE for P178 in the first block and for

841 in the middle block. In summary, the PSE tended to be below
0 s and practically did not change with testing.

A two-way, repeated-measures ANOVA, with T and block as fac-
ors yielded a significant effect of T [F(4,20) = 42.30, p < 0.01], but no
ffect of block [F(2,10) = 1.32, p = 0.31] or of T × block [F(8,40) = 0.94,
= 0.50].
In summary, the preference functions in Experiment 2 did
ot change appreciably across testing. At the steady state, they
ere steeper than in Experiment 1 (compare top left panels from

igs. 5 and 6), which means that by reducing switching during
est trials the pigeons’ performance approached optimal perfor-
oural Processes 84 (2010) 490–499

mance. The performances displayed by the pigeons in Experiment
2 at steady state were more similar to those obtained in Machado
and Vasconcelos (2006) than in Gibbon and Church’s (1981)
study.

The four bottom panels in Fig. 6 show the average response rate
curves on the S and C keys (regular and test trials), for the first and
last five sessions of testing. The curves for the regular trials (lines
without symbols) were obtained as in Experiment 1, but the curves
for the test trials were not. Because one key was eventually turned
off, we could define whether a bird preferred the C or S keys on any
given test trial. Having classified each test trial as a C or S trial, the
curves were obtained as follows. First we averaged the response
rate data from all the test trials on which the birds chose the S key.
Next, we divided each individual average curve by the value used
to normalize the curve for the regular S trials. Finally, we averaged
across birds. The same steps were carried out for the trials on which
the pigeon preferred the C key.

The middle panels display the response rate data for the S key
during the first (left) and last (right) blocks. There was substantial
variability among the test curves, caused mainly by the differ-
ent number of trials contributing to each curve. Specifically, the
curves for T = 40 and 50 in the left panel and for T = 20, 40, 50 in
the right panel were based on less than 20 trials (out of 60 pos-
sible trials) – on most of those trials the pigeons preferred the
other key. No strong or systematic effect of T was found. During the
first block (left panel) and immediately after the S key was intro-
duced (see first data point of each curve) there was some increase
in response rate in relation to baseline for T ≥ 20. During this first
cycle (still concerning the first data points) response rate increased
roughly directly with T (the exception was for T = 40). However,
the inversion was due to the fact that one pigeon contributed to
the T = 40 curve with just one trial, and on that trial it started to
respond only during the third cycle. Without the data from this
pigeon, the first data point of the T = 40 curve superimposed that
from the T = 20 curve. During the last cycle (see last data point of
each curve), there was a general suppression of responding for all
values of T.

During the last block (right panel), the first data point of the
test curves was close to baseline for T = 0 and 10, but it was above
baseline for the other T values. The response rate curve for T = 50
was above baseline across the entire interval, while for the other
values of T the terminal rates were below baseline.

The bottom left panel shows that, during the first block, response
rate on the C key on test trials was greater than the baseline
when T = 0 and 10, but not when T ≥ 20. From the first to the last
block (compare bottom left and right panels), performance did not
change appreciably. For this key, the number of trials contributing
to the curves when T = 0, 10 and 20 in the left panel and to the curves
when T = 0 and 10 in the right panel was very small (between 11
and 25 trials, out of 60 possible).

The procedural differences introduced in Experiment 2 brought
that experiment closer, from a functional viewpoint, to Machado
and Vasconcelos’ (2006) study. In the latter, on most trials the
pigeons chose one key and then stayed on that key until the end of
the trial, behaving as if the other key had been turned off. The sim-
ilarities between Machado and Vasconcelos’ (2006) results and the
results from Experiment 2 extend somewhat to the response rate
changes on the S key. In Machado and Vasconcelos (2006), respond-
ing to the S key immediately after its onset was disinhibited and
the amount of disinhibition varied with T. In the present experi-
ment, during the first cycle (immediately after the onset of the S

key), there was disinhibiton in responding to the S key for some
values of T (namely T ≥ 20) and there was an increase in response
rate varying roughly directly with T. The results for the C key dif-
fered between the two cases because in Experiment 2, but not in
Machado and Vasconcelos’s (2006) study, response rate increased
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Fig. 6. Pigeons’ performance across the test phase in Experiment 2. Top left panel: average preference for the C key. Relative response rate to the C key is presented against
the moment the S key was illuminated into the trial. The filled triangles show the data from the first block, the empty circles from the middle block and the filled circles from
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he last block. Top right panel: scatterplot showing the relationship between the tw
reference is plotted against preference measured by the relative response rate. M
f the test phase. The graphs on the left show the data for the first five sessions (fir
raphs show the response rate curves on the C key and the bottom ones on the S ke

hen T = 0 and 10. However, given the small number of trials on
hich some of these curves are based, the differences may not be

eliable.
All-or-None preference. When preference was measured by the

rst choice made by the animal (All-or-None preference) the pat-
erns observed were roughly the same. The statistical tests revealed
he same effects found with the relative rate of responding as a

easure of preference: a significant effect of T [F(4,20) = 34.14,
< 0.01], but no effect of block [F(2,10) = 1.46, p = 0.28] or T × block

F(8,40) = 0.46, p = 0.88].

As the top right panel of Fig. 6 shows, the two measures of pref-

rence were strong positively correlated (r2 values near 1–0.98 for
he first and middle block and 0.99 for the last block). The fact that
his correlation was better in Experiment 2 is probably related to
he decrease in the amount of switching, which allowed the relative
sures of preference for the first, middle and last blocks (average data). All-or-None
and bottom panels: average response rate curves during the regular and test trials
k) and those on the right the data for the last five sessions (last block). The middle

rate of responding to better reflect the animals’ preferences based
on the signaled delays to reinforcement.

In summary, preference measured in two different ways (rela-
tive response rate and All-or-None preference) revealed the same
effect: the later the S key was inserted into the trial, the more the
birds preferred the C key, and this performance was shown since
the first test sessions. Similarly, schedule performance analysis
revealed only small changes in performance across testing.

3.3. Conclusions
The present results, as well as those from Experiment 1, gen-
erally reproduced Gibbon and Church (1981) and Machado and
Vasconcelos (2006). At the steady state, pigeons’ preference for the
C key increased directly with T, the moment the S key was inserted
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nto the trial. However, contrary to what was found in Experiment
, the animals’ performance practically did not change with testing.

The main goal of the present experiment was to reduce switch-
ng during test trials. By successfully achieving this objective,
igeons displayed steeper preference functions at steady state,
esembling more Machado and Vasconcelos’ (2006) results, and
eaning that their performance approached optimal performance.

. General discussion

Some authors have argued that the time-left procedure is not
dequate to study timing because variables other than temporal
ntervals may be masking the results (Preston, 1994; Cerutti and
taddon, 2004). The goal of the present study was to control for
wo of these variables, differences in the salience of time markers
nd the cost of switching. To that end, we introduced two main
rocedural changes. The first was to make the onset of the two
eylights the time markers for the two time intervals in an attempt
o reduce the asymmetry in the salience of the time markers for the
key from training to testing. The second was to turn on and off the
eys signaling the delays to food and thereby attempt to reduce the
ost of switching between keys (particularly once pecking at the C
ey has started).

These two changes increased the complexity of the original
ime-left procedure and naturally raise the question of whether
ontrol by the time left to food was still present. The answer is
ffirmative because, at the steady state, preference for the C key
ncreased directly with T. The data from the two experiments
eplicate the steady state findings reported by Gibbon and Church
1981) with rats and by Machado and Vasconcelos (2006) with
igeons.

In what follows we summarize the effects of the new procedural
hanges on the preference functions and response rate curves and
iscuss the evidence for learning during the test sessions in the two
xperiments.

In Experiment 1, the pigeons began the test phase displaying
everal different but generally far from optimal performances (see
ig. 5, top left panel). The average preference for C ranged from
.40 at T = 0 to 0.70 at T = 50. In the course of testing, their choices
ecame more extreme (preference for C ranged from 0.20 at T = 0
o 0.85 at T = 50), which means that they learned to minimize the
elay to food. However, the rotation of the preference curves dur-

ng testing was not sufficiently consistent across the six pigeons to
each statistical significance.

The analyses of the response rate curves revealed no disinhi-
ition in responding to the S key during the first cycle of the test
rials (Fig. 5, middle panels), which suggests that our manipulation
oncerning the time markers was effective. Moreover, on the first
est trials, response rate curves to the C and S keys were not signif-
cantly affected by T. Afterwards, for the S key, the curves for T ≤ 20
ncreased with testing and those for T ≥ 40 decreased, whereas for
he C key the opposite pattern was observed. These changes are
xpected when preference for C increases with T or, equivalently,
hen the pigeons’ performance approaches optimal performance.

In general, the results from Experiment 1 are consistent with
achado and Vasconcelos’ (2006) results and suggest that, in the

ime-left procedure, behavior during the test trials does not depend
xclusively on the previous training with the regular trials. The
ptimal, or close to optimal, behavior observed at the steady state
epends on learning that takes place during testing. This finding

as important theoretical consequences, namely, it casts doubts
n Gibbon and Church’s (1981) account of the time-left proce-
ure based on Scalar Expectancy Theory (SET; Gibbon, 1977, 1991;
ibbon et al., 1984). According to this account, performance during

esting results from the learning that takes place during training
oural Processes 84 (2010) 490–499

trials, in particular, the two delays to food signaled by the S and
C keys. Whether SET, or a modified version of SET, can accommo-
date the presence of learning during the test phase remains to be
ascertained.

However, the procedural changes introduced new difficulties.
On one hand, because the houselight was turned on during the
ITI, the salience of the time markers may have been reduced. As
evidence, note that during regular trials the response rate curves
were almost linear (see Fig. 3), in contrast with sigmoid response
rate functions usually obtained with standard FI schedules (e.g.,
Machado and Vasconcelos, 2006).

On the other hand, the on- and off-periods may have been too
effective in promoting switching. In Experiment 1, the pigeons
switched frequently between the two keys during the test trials,
perhaps because switching is an effective, easy-to-learn strategy
that insures the shortest delay to food and circumvents the costs of
choosing based on the delays to reinforcement. Frequent switching
was associated with relatively shallow preference functions and,
during the first test trials, the absence of a strong effect of T (see
Fig. 5). More generally, switching may have masked the effect of T
in the animals’ preferences.

In Experiment 2 we attempted to reduce switching by turning
off the light of the non-chosen key. Results showed that, in general,
preference functions were steeper than in Experiment 1 (compare
the top left panels of Figs. 5 and 6) – as expected, preference for
the C key increased with T. In contrast to Experiment 1, in Exper-
iment 2 pigeons’ performances were similar during the first and
last sessions of testing. However we must be careful in interpret-
ing these findings as the exclusive outcome of reduced switching,
because the pigeons were already familiar with the procedure. Pre-
vious experience may explain both the steeper preference functions
and the fact that they were exhibited from the beginning of testing.

Response rate data from Experiment 2 are difficult to interpret.
It seems that some disinhibition in responding to the S key at the
beginning of the intervals occurred, especially for larger values of
T (Fig. 6, middle panels). In addition, there was some evidence of
suppression of responding at the end of the intervals. The response
disinhibition with respect to the S key reproduced to some extent
Machado and Vasconcelos’ (2006) findings and suggested that our
manipulation may not have eliminated completely the differences
in the salience of the time markers. There is a difference in stimulus
conditions from regular to test trials that is impossible to elimi-
nate: during regular trials there is only one key lit and during test
trials there are two. In some instances, this difference may be suf-
ficient for the animals to respond at distinct rates during the two
types of trials. If our interpretation is correct, we are still left with
the problem of explaining why the same manipulation of the time
markers yielded different results in Experiment 1 (no evidence of
disinhibition) and Experiment 2 (some evidence of disinhibition)
immediately after the onset of the S key.

In summary, our version of the time-left procedure still suffers
from interpretation difficulties. In an attempt to eliminate some
problems, the methodological changes we introduced gave rise to
new issues. A subsequent study using the same procedure of Exper-
iment 2 and naïve animals should be conducted to verify if the same
steep functions obtained at the steady state occur immediately at
the onset of testing. Until there, we have to agree with Preston
(1994) and Cerutti and Staddon (2004) in that the current versions
of the time-left procedure are not well suited for studying prospec-
tive timing. The variables influencing the animals’ behavior in this
task are still not completely understood and of great importance is

the difficulty of integrating timing and choice data.

We return to the original goal of the time-left procedure (Gibbon
and Church, 1981), to determine whether the subjective time scale
is linear or logarithmic. In the present study, the analysis of the PSEs
does not allow any strong conclusions about the nature of the sub-
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ective time scale. First, we found substantial variability between
ubjects. Second, in some conditions, the PSE was not defined. And
hird, and more important, PSEs below 30 s may be consistent with
he two scales. The reason follows.

Gibbon and Church’ (1981) account assumed a decision rule
ased on the difference between the subjective time to food on
he two response alternatives. Consider XC as the subjective time
eft to food on the C alternative and XS as the subjective time left
o food on the S alternative. The difference XC − XS determines the
nimal’s choice at a given time, t, into the trial. When XC − XS > 0,
hen XC > XS and the animal favors S. When XC − XS < 0, then XC < XS
nd the animal favors C. Finally, when XC − XS = 0, XC = XS and the
nimal is indifferent between the two options (PSE). If the subjec-
ive time scale is logarithmic, the PSE should be significantly below
0 s. On the other hand, if the subjective time scale is linear, the PSE
hould be approximately at 30 s.

At first sight, the results from the present study seem more
onsistent with a logarithmic scale, because the average of the
SEs (see Figs. 5 and 6, top left panels) equaled 22 s in Experi-
ent 1 and 19 s in Experiment 2. However, if we consider a linear

ime scale but add a bias factor, b, to the decision rule (as sug-
ested by Gibbon and Church, 1981), the animal’s preference is
ow computed as bXC − XS. If b > 1 the subjective time left to food
n C is magnified and therefore the PSE will be >30 s; for simi-
ar reasons, if b < 1, the PSE will be <30 s, as in the present study
see also Cerutti and Staddon, 2004). To summarize, our results

ay be explained by a logarithmic scale or by a linear scale with
ias.

Although not a central question in the present study, we
all attention to the very interesting behavior shown by our
igeons during training trials. As Fig. 3 shows, during these
rials, pigeons timed two events simultaneously. They discrim-
nated the whole intervals (response rate increased while the
wo intervals elapsed) and, at the same time, they also discrim-
nated each cycle (response rate increased during the first 3.5 s
nd decreased thereafter). The delivery of reinforcement after
.5 s within a cycle, as well as the presence of cycles without

einforcement, made the procedure equivalent to a short peak pro-
edure, with food trials 3.5-s long, and empty trials 10-s long. This
esult extends to pigeons Meck and Church’s (1984) findings that
ats are able to process information from two temporal events
imultaneously.
oural Processes 84 (2010) 490–499 499
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