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Abstract 

Pigeons received discrimination training in which food reinforcement for key pecking 
was conditional upon both spatial and temporal cues. In Experiment 1 food was available 
for periods of 15 min at each of four locations (pecking keys) during a 60-min trial. 
However, unlike the procedures used in a previous experiment (Wilkie and Willson, 1992, 

Experiment 21, food availability did not change over time from one location to the next in a 
simple monotonic (e.g. counterclockwise) manner. Despite making food available in a 
figure-eight pattern, pigeons’ key pecking was still jointly controlled by the spatial and 

temporal cues. Experiment 2 sought evidence on the nature of the timing mechanism 
underlying this behavior. The results of manipulations such as turning all of the keys off, 
and removing and replacing the subjects, suggested that a stopwatch-like mechanism with 

properties of stop/ restart and reset underlies pigeons’ time-place learning, at least with the 
temporal parameters used in these experiments. This finding contrasts with others in the 

literature that suggests that a circadian mechanism controls birds visits to different spatial 
locations. It will be important in future research to determine the relations between the 
different timing systems involved in time-place learning by foragers. 
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Introduction 

Several naturalistic observations (e.g. Daan and Koene, 1981) of animals going to forage 

at particular locations at specific times of the day, suggest that animals have an ability to 
learn time-place associations (see Footnote 1). Recently, there have been published reports 
from two laboratories demonstrating this ability in birds. In the first of these (Biebach et al., 

1989; see also Biebach et al. 1991; Falk et al., 1992; Krebs and Biebach, 1989), warblers, 

Sylvia borin, were tested in a chamber consisting of a central area that was surrounded by 
four rooms, each of which contained a feeder. Each day food was available intermittently 

over a 3-h period in a particular room. If the bird entered the ‘correct’ room it could gain 
access to food; if it entered an ‘incorrect’ room, the feeder in that room remained locked 
and the bird could not obtain food. Food was available for 20 s during each feeding. After 

obtaining food in a particular room the bird had to return to the central area and wait a 
minimum of 280 s before reentering the correct room. The warblers quickly learned to 
enter correct rooms and avoid entering incorrect rooms. During subsequent control 
sessions all four feeders were available for the 12-h feeding period. Under these conditions 
the birds continued to visit the rooms at the appropriate (i.e. trained) times. 

Our laboratory has also studied time-place learning (Wilkie and Willson, 1992). 

Although similar, our studies differed in two ways from those of Biebach et al. (1989). First 
of all, we used pigeons (Columba hia) as subjects. Secondly, we used shorter time 

intervals during which food was available at particular places (identical pecking keys). In 
Experiment 1, food was available intermittently for 30 s in each of three places. In 
Experiment 2, food was available intermittently for 15 min in each of four places. In both 

experiments the pigeons moved to, and pecked at, the appropriate key at the appropriate 

time. As in the Biebach et al. (I 989) study, control data ruled out control of responding by 
non-temporal cues. 

The research reported here deals with two main issues - the pattern of spatial locations 

that can be learned, and the timing mechanism that lets animals visit different places at 
different times. Experiment 1 concerns the spatial arrangement of the locations that are to 
be visited. In Wilkie and Willson’s Experiment 2, the spatial pattern was a ‘monotonic’ 

one; the pigeons always moved to the adjacent key in a counterclockwise manner over the 
course of the session. The question addressed in this follow-up experiment was whether 
pigeons can learn time-place associations when the locations to be visited are not adjacent, 
and therefore do not form a simple monotonic pattern. Animals may solve monotonic 
patterns by using simple rules such as ‘move left after the passage of time, t’. Non-mono- 
tonic patterns such as the figure-eight pattern used here preclude such simple rules and 

may require animals to learn a ‘route’ or ‘map’ (cf. Krebs and Biebach, 1989) that is 

followed as time unfolds. 
Experiments 2 focuses on the second issue, the nature of the timing mechanism that 

enables pigeons to visit locations at appropriate times. There are several timing processes 
that might mediate this behavior and this experiment is an attempt to gather evidence 
about two of these - hourglass timers and stopwatch timers. 

’ “Time-place-food associations” might be a more accurate terminology. However, “time-place” 

terminology was used in the first paper on this topic (Biebach et al., 1989); we continue that usage. 
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Experiment 1 

In this experiment we were interested in whether the pigeons could learn to visit the 
different locations at the appropriate times when movement from key to key was not 
always movement to the adjacent key in a certain consistent (e.g. counterclockwise or 

leftward) direction. The procedure in this experiment was similar to that employed in 
Wilkie and Willson’s (1992) Experiment 2 (each of four keys providing food for 15 min in a 

60-min session) except for the pattern of movement between places. A figure-eight pattern 
of food availability was used. 

Method 

Subjectx 
The subjects were one King pigeon (Tarot) and three homing pigeons (Clinton, Spook, 

and Clayton). All subjects were maintained in large plastic coated wire mesh cages, where 
they had free access to vitamin-fortified water (Nekton-K), granite grit, and crushed oyster 
shells. The subjects received sufficient mixed grain each day to maintain their body weights 

at about 95% of free-feeding weights. The colony was climate controlled (20°C) and had a 
light:dark photo period matched to the natural sunrise : sunset times. This experiment was 

conducted in the winter months. Over the course of the experiment sunrise : sunset times 

varied between 08:00-16:45 to 06:00-18:36 Pacific Standard Time (data provided by 
Atmospheric Environment Service of Environment Canada). Subjects were generally tested 
between 08:30 and 11:30. 

The subjects had been trained previously to peck keys for food reinforcement but were 
naive with respect to the present procedures. 

Apparatus 

The pigeons were tested in their home cages in a small 2 m by 2 m dimly-lit testing 
room. The home cage was placed on a table and a panel containing a grain feeder and a 
square 3 by 3 matrix of pecking keys was attached to the opened doorway on one wall of 
the home cage. The keys were 3 cm in diameter, and were 5 cm apart. A microswitch 

sensed pecks having a force greater than 0.15 N. The keys were lit from behind by red 
Fairchild FLVI 17 light emitting diodes. 

Data collection and experimental control were carried out by the MANX language 
(Gilbert and Rice, 1979) running on a minicomputer. 

Procedure 
Because the subjects had previous key peck training, little preliminary training was 

required. The subjects simply received a few sessions in which pecks to each of the four 
keys, lit one at a time in a random order, were reinforced with grain. 

The subjects received one 60-min session each day, 5 days per week. Each session 
began with the simultaneous illumination of four identical pecking keys that remained lit 
for the duration of the session (except for reinforcement periods). 

The nine key locations were designated as: 

1 2 3 
4 5 6 
7 8 9 



42 

25 

20 

Y) 15 

Ii 
2 10 

5 
t 

0 k 
0 

l _s= 

ix, 
10 20 30 40 50 60 

25 

20 i p l . 
% 07 

f 
15 .* w 

0. . 

d 10 E . 

l l ,‘r 
. 

5 &. . 

0 0 10 20 30 40 50 60 

“0 10 20 30 40 50 60 

MlwteS 

0 10 20 30 40 50 60 0 10 20 30 40 50 60 

25 

20 

v) 16 
b 

. 
:* 

?fi 

0 10 20 30 40 50 60 

25 - 

20 

0 - 

B 15 10 

5 - 

0 
0 10 20 30 40 50 60 

4c 

30 

$ 

g 20 

d 

10 

Fig. 1. Response rate on four keys (top-left panel, first rewarded key; top-right panel, second 

rewarded key; bottom-left panel; third rewarded key; and bottom-right panel, final rewarded key) 

during each of the 60 min that comprised a session. Data are for subject Clinton (top left panels), 

Speck (top right), Clayton (bottom left), and Tarot (bottom right). 
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Keys 1, 3, 7 and 9 were lit. Key 1 provided food during the first 15 min, Key 9 during the 
second 15 min, Key 7 during the third 15 min, and Key 3 during the final 15 min. Pecking 

at the four keys was recorded in 60 I-min bins over the course of the session. The subjects 
received 30 sessions. Performance was stable during the final 20 sessions; results are 
reported for these sessions. 

Results and Discussion 

The four top-left panels in Figure 1 show data for the first subject. The four top-right 
panels show the data for the second subject, etc. The four panels shown for each subject 

correspond to the four rewarded locations, in a clockwise fashion. That is, the top-left 

panel shows responding for Key 1 (rewarded during Period I), the top-right panel shows 
responding on Key 9 (rewarded during Period 2), the bottom-right panel shows responding 
on Key 7 (rewarded during Period 3), and the bottom-left panel shows responding on Key 

3 (rewarded during Period 4). In each panel smoothed (Systat distance-weighted least 
squares; see Wilkinson, 1988, p.540) response rate (responses per min) is shown for each 
of the 60 min that comprised a session. In general, the pattern of responding was similar to 
both that observed by Wilkie and Willson (1992); the pigeons responded at the appropri- 
ate location at the appropriate time. The minute-by-minute recording procedure produced 
unambiguous evidence of anticipation of food availability, as well as anticipation of 

non-reward, at specific locations at specific times. Response rates at a key dropped off in a 
gradual, orderly manner after reinforcement ceased to be available at that location. The 
decrease in responding after a period of reward availability was more-or-less a mirror image 
of the increase in responding prior to reward availability. 

The results of this experiment provide additional clear evidence of time-place learning in 

pigeons. The orderly anticipation of subsequent rewarded keys demonstrates that the 
pigeons were not randomly searching and then pecking a key after reward was discovered. 
The anticipation effect was sometimes very striking. For example, all of the subjects 

gradually increased responding on the last rewarded key over the 45 min that preceded 

food availability on that key. 
In the present experiment subjects learned to anticipate the locations of food when the 

spatial pattern of food availability was not a simple monotonic pattern. This particular 
finding is important because it seems likely that time-place learning is a mechanism that 
directs foragers to places in their environments at times when resources such as food are 

available. It is unlikely, however, that the pattern of resource availability in natural 

environments would always be a simple monotonic one. Therefore, the demonstration that 
pigeons can learn to visit different places in an non-monotonic pattern order bolsters 

confidence in the time-place paradigm. 
The present results, in conjunction with those of Biebach et al. (1989), Falk et al. 

(1992), Krebs and Biebach (1989), Biebach et al. (1991), and Wilkie and Willson (1992) 
show that time-place learning is a readily demonstrable and robust phenomenon. These 
characteristics may stem from the possibility that time-place learning is a biologically 
adaptive ability. It is not difficult to imagine the increased benefits (e.g. intake of more 
food) and decreased costs (e.g. minimized flight times) that such an ability would confer on 
a foraging bird. It is now possible, on the basis of these studies, to state some generaliza- 
tions about time-place learning. It occurs: a) in at least three avian species (warblers, 
weavers, and pigeons), b) when the temporal dimension varies from a few seconds to 



45 

several hours, c) when the spatial dimension varies from a few centimeters to a few meters, 

and d) when the pattern of movement between rewarded locations is both monotonic and 
non-monotonic. 

Empirical evidence of time-place learning is also important because it supports recent 
theories of animal memory processes. Staddon and Dale (see Staddon, 1983) have 
theorized that foraging animals avoid revisiting depleted sites on the basis of a place-time 

memory code. In brief, Staddon and Dale propose that animals simultaneously encode 
location and temporal information as they move to different locations on tasks such as the 

radial maze. Revisits are avoided by animals avoiding places with the most recent temporal 
tag. Gallistel (1990) has extended this notion and has theorized that time-place information 

is the core organizational principle in animal memory. According to this view, when a 
biologically important event (such as the discovery of food by a hungry animal) occurs, 
both the time of occurrence and the place of occurrence are encoded. As a consequence, 
a hungry animal is able to search memory for times and places that have provided food in 
the past. Laboratory demonstrations of time-place learning lends credence to both of these 

theoretical stances. 
Studies of time-place learning are also important because they offer the opportunity to 

integrate two literatures that have been, until recently, been viewed in isolation, namely 

spatial memory and timing. In the next experiment we begin attempts to elucidate the 
timing mechanism that permits pigeons to visit particular locations at particular times. 

Experiment 2 

The purpose of this experiment was to gather evidence regarding the timing mechanism 
underlying pigeons’ time-place learning. Table 1 lists three theoretical timing systems, along 
with some of the properties of such systems. Obviously this table is not an exhaustive list of 

TABLE 1 

Three timing systems, and some of their properties, that may underlie time-place learning 

System Properties 

Oscillators continuous 
self-sustaining 
entrainable 

Hourglasses continuous 
times down 
start 
finish 

Stopwatches discrete 
times up 
start 
stop 
restart 
reset 
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timing systems (e.g. sun location may be a clock used by some animals) but it represents 
some systems that may be evaluated by laboratory experimentation. 

One mechanism that pigeons might use to visit certain places at certain times is the 

phase of an oscillator. This class of timing mechanism has been extensively analyzed by 
Callistel (1990). One oscillatory system is a circadian clock (see Aschoff, 1989, for an 
overview of this literature). There is considerable evidence that honeybees, Apis mellifera, 

for example, rely on an endogenous circadian clock mechanism while foraging for nectar 
(e.g. Moore et al., 1989). 

A second class of timing mechanism that might direct pigeons to certain places at certain 
times is an hourglass timer (Daan and Koene, 1981). This type of mechanism has received 
scant empirical or theoretical analysis in the literature on animal timing. There are two 

variants of such a mechanism that pigeons might use in order to visit specific places at 
specific times. One times a l-h period and the pigeons learn to ‘mark off’ successive 

quarters of the interval, and move to appropriate locations on that basis. A second is a 
15-min timer that is started four times during each l-h foraging bout. Under this 
mechanism pigeons move to a new location when the hourglass times out. Obviously, an 
hourglass that times a fixed interval such as 15 min is useful only when food is available for 

the same fixed duration in different locations. Although that is the case in both the warbler 
and pigeon paradigms, it clearly is not the only possible case, and would probably be a 
rarity in the natural environment. Accordingly, a large number of hourglasses may be 

required to time a realistic number of naturally-occurring intervals (see Footnote 2). And, 
in order to time a succession on intervals of unequal duration, some ‘scheduler’ (hourglass 
#I, then hourglass # 2, etc.) would be required in addition to the basic timing mecha- 
nism. 

A third class of timing mechanism is the stopwatch-like internal clock that has received 
extensive empirical and theoretical analysis in the timing of short intervals (e.g. Gibbon and 
Church, 1984, S. Roberts, 1981). There are two general ways in which this mechanism 

may direct pigeons to different places at different times. First, the clock may run for a l-h 
period, with the pigeons moving to new locations on the basis of three accumulated clock 

readings. Second, the clock may time 15-min intervals, with the bird moving to a new 

location on the basis of a single accumulated clock reading. As was the case with the 

15-min hourglass timer, the latter type of timing system may be an unlikely one, given that 

it would be useful only when food is available for the same duration in different places. 

However, an important difference between hourglasses and stopwatches is that the latter 

have flexibility to time different intervals. Therefore, while 15-min intervals are arbitrary, 

stopwatches may time other arbitrary intervals equally as well. Multiple stopwatches are 

not required, unlike the hourglass system. To time a series of unequal intervals, the 

2 In principle, one does not need a unique hourglass for each interval to be timed. Two possibilities 

come quickly to mind. With a single hourglass one could time multiples of its fixed interval (e.g. two 

successive runs of a 3-min timer results in a 6-min interval). Such, however, would require the 

addition of some sort of counter to the system. Alternatively, a small set of hourglasses, each timing a 

specific interval, can be used to time other intervals. For example, assume that you have two 

hourglasses, one that times 9 min, and one that times 3 min. One could time a 6-min interval as 

follows. Start both hourglasses. When the 3-min hourglass times out, invert the 9 min hourglass to 

time an additional 3 min. Both of these solutions, however, are unconventional uses of a device 

designed to continuously time a single fixed interval. 
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hourglass system seems to require a ‘scheduler’. To do the same, stopwatch systems seem 

to require something like a ‘list of accumulated values’. 
As depicted in Table 1, each of the three classes of timers have several properties. By 

searching for evidence of these different properties, it may be possible to make inferences 

about the timing system that underlies time-place learning in the pigeon. One major caveat 
is in order, however. This is that different timing systems may be used when time-place 
learning involves different temporal scales (i.e. when animals visit different places every 30 

s or every 6 h). In other words, there may not be a single, common timing system 
underlying time-place learning. Rather, the temporal pattern of change in environmental 

resources such as food availability may determine which type of timing system is used. 
In the present experiment we sought evidence for two timing systems, namely hourglass 

and stopwatch timing. Hourglass timers have only the properties of ‘start’ and ‘finish’. 
They, unlike stopwatches, do not have the properties of ‘stop’ and ‘restart’; that is, they 

cannot be interrupted (see Footnote 3). In the first part of the present experiment we 
sought evidence of the property of ‘stop/restart’. We did this by interrupting the session 

with a timeout in which all four keys were turned off for a period and were then turned on 
again. If the subjects were using an hourglass timer they should resume responding at a 
location appropriate to the time passed from the start of the session. On the other hand a 
stopwatch timer could be stopped during the timeout. If the subjects were using a 
stopwatch-type of timing system they should resume responding at the location appropriate 

at the start of the timeout. 

Stopwatches share several properties with hourglass timers. One property that distin- 
guishes stopwatches from hourglasses, however, is the property of ‘reset’. Accordingly, in 

the second part of the present experiment we sought evidence of the reset property. Two 
main manipulations were used. First, sessions were interrupted and the subjects were 
removed from the test apparatus and later replaced. Second, we attempted to see if 

subjects could be trained to restart a session on the basis of an experimenter-provided cue. 
Choice of the first rewarded key after these manipulations would constitute evidence for 
resetting and stopwatch rather than hourglass timing. 

Method 

Subjects 

The subjects were two King pigeons used by Wilkie and Willson (1992, Experiment 2) - 
Candolf and Cindy - and the two homing subjects (Milamber and Speck) previously trained 
on a procedure identical to that used by Wilkie and Willson (1992), except that the order 
of rewarded keys was 1, 3, 2, and then 4. The subjects were maintained in the same way 
as Experiment 1. They were tested during the summer and fall. The sunrise-sunset times 
varied between 04:15-20:20 and 05:55-18:17. The subjects were generally tested 
between 08:30 and 11:30. 

3 One can stop an egg timer by laying it on its side, and restart it by putting it back into its upright 

position (keeping track of which end was up). However, this, like the multiple-hourglass timer noted 

in Footnote 2, is an unconventional use of a device designed to continuously time a single fixed 

interval. 
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Apparatus 

The apparatus was identical to that used by Wilkie and Willson (1992). Briefly, each of 
the four walls of two large clear Plexiglas boxes contained a pecking key and a grain feeder. 
Each box was located in a small well-illuminated room. Subjects could see a variety of 

room cues through the transparent walls of the boxes. Data collection and experimental 
control was again carried out by the MANX language (Gilbert and Rice, 1979) running on a 
minicomputer. 

Procedure 

The experiment consisted of two parts: 

Stop/restart. Pigeons Candolf and Cindy were tested 5 days per week for 4 weeks. 
Sessions conducted on Mon., Wed., and Fri. were the same as earlier training sessions (i.e. 
Key 1 provided food during the first 15 min of the 1 h-session; then Key 2, 3, and 4). Tue. 

and Thur. sessions were probe sessions designed to see if the timing system used by these 
subjects could be stopped. The first 15 min of each probe session were identical to the 
training sessions. The following part of the session, 20 min in duration, differed. At the end 

of the first 15 min of the session, all four key lights (but not the room lights) were turned off 
and pecks at Key 2, or any of the other darkened keys, were not rewarded. This 15-min 
timeout period was followed by a 5-min period in which all keys were again illuminated. 

Food was not available on any of the keys during this 5-min period. If the subjects’ timing 
system continued to run during the 15 min-timeout, they should respond to Key 3 during 

the 5-min test period. If the timing system stopped during the timeout, more pecks to Key 
2 would be expected during the 5-min test. 
Reset. Three manipulations were performed: 

I) Gandolf, Cindy, Milamber, and Speck received training sessions on Mon. Wed. and 

Fri. of each week. During training sessions Candolf and Cindy had the following sequence 
of rewarded keys: 1, 2, 3, and 4. Milamber and Speck had the sequence 1, 3, 2, and 4. 
Tue. and Thur. were probe sessions. Probe sessions began with 1 15 min period in which 
Key 1 was rewarded. This was followed by a 15-min timeout and then a 5-min probe 
session with all keys lit but food unavailable. During the 15-min timeout period the 
subjects were removed from the test chambers, put in transport cages, and returned to 
their home cages, an operation that took about 90 s. They were transported back to the 

test rooms and put in the test chambers starting about 13 min into the timeout. Subjects 
Gandolf and Cindy received 14 probes, Milamber and Speck 10. 

2) Subjects (Candolf and Milamber) received 20 sessions. Each session began in the 

same way as a baseline session but had a 5-min timeout after the first 15 min. After the 
timeout, all four keys were lit and the subjects received a complete regular l-h session (i.e. 
Key 1 provided food for the first 15 min, Key 2 for the next 15 min, etc.). Of interest was 
whether subjects could learn to respond to Key 1 during the first 15 min of the restarted 

session. 
3) Subjects Candolf and Milamber also participated in the final phase of the experiment. 

They received another 12 sessions in which a 5-min timeout signaled a restarting of the 
session. interspersed among these sessions were six probe sessions. The latter sessions 
began as usual with food being available on Key 1. However, after 7 min all four keys were 
turned off for a 15-min timeout. After the timeout all four keys were re-lit for a 5-min 
period in which pecks were recorded but no food was delivered. The purpose of this 
manipulation was twofold. First, it is another test of resetting of the timing system. Subjects 
trained to restart a session after a 5-min timeout should also restart after 15-min timeout. 
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Second, and more importantly, it is a test to distinguish between hourglass and stopwatch 

systems. Although there are a priori reasons for discounting a hourglass timing system (e.g. 
their ability to time only one interval) none of the manipulations so far described 

distinguish can rule out a 15-min, as opposed to a l-h, hourglass timer. Because the 

resetting signal occurs after 7 min, approximately half way through a 15-min hourglass, 
resetting should fail if subjects use a 15min hourglass system. 

Results and Discussion 

Stop /restart 

The results of the timeout experiment are shown in Fig. 2, which displays responses to 
each of the four keys during the 5 min nonrewarded period that followed the 15-min 
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timeout. Both subjects responded similarly - they responded more to Key 2 than Key 3, 
suggesting that their timing system had stopped during the timeout. Furthermore, this result 
was stable and consistent across the series of tests as shown by the ‘first-half, second half’ 
format of the graph. 

The results are consistent with a stopwatch-like system that can be stopped and 
restarted. The results are inconsistent with an hourglass timing system, at least one that 
times l-h intervals. The results are not inconsistent, however, with a 15min hourglass 
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timer. Therefore the present results do not unambiguously distinguish between hourglass 

and stopwatch systems. 

Another aspect of the present results deserve comment. So far, only two potential 
outcomes of the timeout manipulation have been discussed - presence or absence of 
stopping (and presumably restarting, although our results do not bear directly on this 
aspect). There is, however, another potential outcome, namely resetting. The timeout 
manipulation theoretically could have reset the timing system and the subjects could have 

responded primarily to Key 1 during the 5-min probe. Roberts et al. (1989) have reported 
evidence suggesting that pigeons’ timing system used to time intervals of several seconds is 

Milamber Probes l-5 

Milamber Probes 6- 10 

SDock Probes l-5 

2oT------ 

Speck Probes 6- 10 

Fig. 3 (continued). 
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reset when the event being timed is turned off. The fact that this did not happen in the 

present experiment is some indirect evidence for hourglass as opposed to stopwatch 
timing: one important feature of hourglass systems is that they cannot be reset. 
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Reset 

Figure 3 shows the results of the return-to-colony probe sessions. The results are clear: 
after responding to Key 1 for 15 min and then being returned to the colony, subjects 

responded predominately to Key 1 again when tested for a 5-min nonrewarded period. 
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Gandolf Mtlamber 
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Fig. 5. Relative responding to the four keys during the 5-min probe that followed the initial 7 min of a 

session and the subsequent 15min timeout in Experiment 2 (Reset). Data, for subjects Gandolf and 

Milamber, are shown in first-half (black), second-half (crosshatched) format. 

This result is consistent with a stopwatch-like timing system and is inconsistent with 
circadian and l-h hourglass systems. 

Figure 4 shows the results of explicit reset training (i.e. data from sessions in which a trial 
was restarted after a 5-min timeout that followed the first 15-min interval). 

Both subjects learned to return Key 1 after the timeout. This result, like the return-to- 
the-colony result, is consistent with a resetable stopwatch-like timing system. 

Figure 5 shows the results of the last manipulation (a 15-min timeout after 7 min of 
responding on Key I). Again, the first-half, second-half format is employed. 

Both subjects responded predominately to Key 1 after the timeout. Again, this result 

suggests resetting of the timing system. This result is incompatible with hourglass timing 
systems, including a 15min timer. 

General Discussion 

The research reported here had two main goals. First, we were interested in determining 

if time-place learning in pigeons is restricted to cases in which resource availability varies in 
a simple, montonic pattern. For example, do pigeons only learn to successively visit feeding 
locations that are progressively more westerly, say, than the previous location. Or, can they 
learn non-monotonic patterns, and shuttle back and forth between these. On the basis of 
our research, pigeons seem capable of doing both. Finding that pigeons are capable of 
learning non-monotonic patterns is important because resource availability in natural 
environments is unlikely to always follow simple patterns. 

Second, we were interested in attempting to understand the nature of the timing 
process that underlies time-place learning in the pigeon. Overall, the pattern of results that 
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emerged in Experiment 2 pointed to a timing system that has stopwatch-like properties of 

stop/restart and reset. A finding in Experiment 1 also is consistent with a stopwatch-like 

timing process. In that experiment pigeons pecked to some extent on non-rewarded keys 
both before and after food became available. The pattern of pecking before food became 

available, and after food availability ended, were symmetrical. This pattern was particularly 
visible for the subjects whose pecking was recorded in 1 -min bins. Symmetrical responding 
around a expected period of reward is commonly observed in experiments using the ‘peak’ 
procedure to study animals’ timing of intervals in the order of several seconds (e.g. S. 

Roberts, 1981). Such symmetrical responding has been interpreted as evidence for a 
stopwatch-like internal clock that runs linearly with physical time (Cheng and Roberts, 

1991). 
Biebach et al. (1991) reported evidence of circadian timing in their warblers trained on 

a time-place task. They found, for example, that their subjects advanced their learned 
feeding pattern in response to a 6-h advance in the light-dark cycle. There are, however, 

several important differences between their experiment and ours that should be noted. 
Two of the most prominent differences are species studied and session duration. Their 
warblers timed four 3-h periods whereas our pigeons timed four 15-min periods. We have 
recently collected data suggesting that the temporal rather than the species variable is the 
important determinant of the timing system used. In that research (Saksida and Wilkie, in 
press) evidence of circadian timing was found when pigeons were trained to go to one 

place in the morning, and a second location in the afternoon. It seems that pigeons are 
flexible in their use of timing systems. It seems that pigeons use a stopwatch-like system at 
short intervals and a circadian system at longer intervals. It may be that circadian systems 

are able to resolve 60 min periods but not 15 min periods 
In future research it will be important to attempt to specify the relation between 

stopwatch and circadian system in time place learning. Progress in this regard may be 
facilitated by Church and Brodbent’s (1990) recent proposal to consider stopwatches from 
a connectionism position. In their model, a pacemaker is replaced with a series of 
oscillators with different periods. An accumulator that is updated with the passage of time is 
replaced with a set a status indicators, one for each oscillator. It may prove to be more easy 
to relate stopwatch systems and circadian systems when they share oscillatory characteris- 
tics. 

Until we better understand the relation between stopwatch and circadian timing we are 
left with the observation than animals apparently use different mechanisms to time 
different intervals. This finding suggests flexibility, as opposed to rigidity and automaticity, 

in the timing system employed in time-place learning. It should be noted that there is also 
some evidence for flexibility in temporal memory processes: Grant and Spetch (1991) 
found that task variables (choice vs go/no-go matching to sample) affected the manner in 

which pigeons remembered event duration (‘analogical retrospective’ vs ‘prospective’ 
codes). More recently, Grant and Spetch (1993) have found that many-to-one training 
(several sample durations associated with one choice option) produces nonanalogical 
coding of duration. The fact that there seems to be flexibility in temporal memory 
processes supports the possibility of variability in other temporal processes. 
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