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A growing body of literature has characterized two tim-
ing mechanisms by which animals adapt their behavior to
the temporal features of the environment. According to Gib-
bon, Fairhurst, and Goldberg (1997), interval-timing sys-
tems are used to anticipate events that occur at an arbitrary
time after an event. This type of timing mechanism is used
for timing relatively short intervals. A characteristic of this
timing system is that it has a low level of precision (i.e., it
is characterized by high variability). In contrast, circadian
timers are used to anticipate events that occur with daily reg-
ularity (i.e., approximately 24 h). These timers are entrained
to a limited set of events that have approximately a 24-h in-
terval between successive occurrences and have higher
precision relative to an interval timer (Gibbon et al.,
1997).

Research on time–place learning is concerned with an-
imals’ use of spatial and temporal information to exploit bi-
ologically significant events (e.g., food, mates, and prey).
Time–place learning has been documented in a variety of
species (Daan & Koene, 1981; Pizzo & Crystal, 2002; Sak-
sida & Wilkie, 1994; Wahl, 1932). For example, Biebach,
Gordijn, and Krebs (1989) evaluated the ability of garden
warblers to learn about predictable changes in the location
of food as a function of time. The birds were housed in an
apparatus that consisted of five rooms; four rooms were
connected to a central area. Each of the four rooms pro-

vided food for a different 3-h interval during a 12-h daily
session. The birds were able to restrict most of their visits
to the correct room during each interval of the session.

The use of a circadian timing mechanism has been shown
in several time–place studies. The successive intervals for
food availability in time–place tasks based on circadian
mechanisms are typically measured in the range of hours.
One example of this is a study by Mistlberger, de Groot,
Bossert, and Marchant (1996), in which they tested rats in
a T-maze. The rats could receive food when they lever-
pressed at one end of the maze in the morning and at the
other end in the afternoon. The morning and the afternoon
shifts were separated by 7 h. Several manipulations verified
the use of a circadian mechanism. Omitting sessions or in-
verting the light–dark cycle did not disrupt their perfor-
mance. This rules out the hypotheses that the rats were using
an alternation strategy, timing with respect to light cues, or
timing on the basis of a physiological state (e.g., hunger). 

Additional evidence to support time–place learning
based on a circadian mechanism comes from a study by
Biebach, Falk, and Krebs (1991). They sought to identify
the mechanism that allowed garden warblers to complete
the time–place task in the study by Biebach et al. (1989)
described above. When the birds were tested in constant
light conditions, they continued to visit the rooms in the
correct sequence for 1–6 days. When the light cycle was
phase advanced, activity at each location moved forward
but was significantly different from that predicted by tim-
ing the interval from light onset to feeding. On test days in
which the light cycle was delayed, there was no significant
change in their activity at each location. These results sup-
port the hypothesis that the birds were utilizing a circadian
timing mechanism to complete the task. The possibility
that the birds were timing with respect to the 4-h intervals
in the experiment was ruled out by blocking access to all
rooms for 4 h. When access to the rooms resumed, they vis-
ited the room associated with the current time of day (Krebs
& Biebach, 1989).

The data were presented at the 10th Annual Meeting of the Interna-
tional Conference on Comparative Cognition, Melbourne, FL, March
2003. This work was supported by National Institute of Mental Health
Grants MH64799 and MH61618 to J.D.C. This research was completed
in partial fulfillment of a doctoral degree to M.J.P. at the University of
Georgia. The raw data (time of occurrence of each stimulus and re-
sponse) are available at www.uga.edu/animal-cognition-lab. We thank
Kenneth W. Maxwell for technical assistance during the course of this
study. Correspondence concerning this article should be addressed to
M. J. Pizzo or J. D. Crystal, Department of Psychology, University of
Georgia, Athens, GA 30602-3013 (e-mail: mpizzo@uga.edu; jcrystal@
uga.edu).

Time–place learning in the eight-arm radial maze

MATTHEW J. PIZZO and JONATHON D. CRYSTAL
University of Georgia, Athens, Georgia

Rats (n � 4) searched for food on an eight-arm radial maze. Daily 56-min sessions were divided into eight
7-min time zones, during each of which a different location provided food; locations were randomized
across subjects before training. The rats obtained multiple pellets within each time zone by leaving and
returning to the correct location. Evidence that the rats had knowledge about the temporal and spatial
features of the task includes the following. The rats anticipated locations before they became active and
anticipated the end of the currently active locations. The rats discriminated currently active locations from
earlier and forthcoming active locations in the absence of food transition cues. After the rats had left
the previously active location, they visited the next correct location more often than would be expected
by chance in the absence of food transition cues. The rats used handling or opening doors as a cue to
visit the first location and timed successive 7-min intervals to get to subsequent locations. 
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Time–place tasks have also been completed on the basis
of interval-timing mechanisms. The duration of food avail-
ability in these tasks is much shorter than that in a circa-
dian time–place task. Carr and Wilkie (1998) trained rats
in a time–place task in which they were required to press
one of four levers in an operant chamber to receive a reward.
Each lever provided reinforcement at one of four different
times. There were three groups of rats, each tested with a
different interval. For the three groups of animals, rein-
forcement was available at each of the four locations for
4, 6, or 8 min, respectively. For example, for one group,
leverpressing at the four locations was available for 4, 4,
4, and 4 min, respectively, during a 16-min session. The
rats restricted most of their responses to the correct lever
at the appropriate time. The variability in the distributions
of response rates as a function of time, was constant at each
lever. Similarly, the precision with which the rats switched
from one lever to the next was constant as the session pro-
gressed. This was interpreted as evidence for the timing of
successive intervals, rather than the timing of one interval
equal to the length of the session. In addition, responding
during each task (i.e., 4, 6, or 8 min) obeyed Weber’s law.
Weber’s law is a hallmark of interval timing (e.g., Gibbon,
1991). It states that the spread (i.e., width) of a distribu-
tion is proportional to the interval being timed. In other
words, the amount of variability in responding throughout
the interval should be greatest in the 8-min task and pro-
portionately less in the 6- and 4-min tasks. The observa-
tion that the data could be superimposed when plotted in
relative time (i.e., elapsed time divided by 4, 6, or 8 min
for the three groups, respectively) is consistent with the use
of an interval-timing mechanism; however, for an exam-
ple of data that do not superimpose in a short-interval time–
place task, see Crystal and Miller (2002).

The studies reviewed above indicate that there is evidence
for interval and circadian time–place learning. However,
there are several limitations evident in the time–place lit-
erature. The conditions under which different types of
time–place learning occur have not been established. It is
not known what lengths of time are applicable to interval
and circadian time–place learning. Although it is unlikely
that a circadian oscillator can be used to time short inter-
vals, there is evidence that (1) periods below the conven-
tional entrainment boundary can be anticipated (Crystal,
2001, 2003, 2004), (2) circadian phase can be used to time
intervals as short as 1 h (Aschoff, 1984, 1985, 1989, 1993,
1998; Aschoff & Daan, 1997), and (3) phases as short as
7–11 min can be discriminated (Frisch, 1967). Circadian
time–place learning has not been documented with inter-
vals shorter than 3 h (Biebach et al., 1989). On the other
hand, time–place learning based on an interval-timing
mechanism has not been shown with intervals longer than
8 min (Carr & Wilkie, 1998). Another limitation is that time–
place studies have been restricted to tasks involving rela-
tively few (e.g., two to four) locations (Biebach et al.,
1989; Carr & Wilkie, 1997; Mistlberger et al., 1996; Pizzo
& Crystal, 2002).

A desirable feature of a time–place study is that it be de-
signed so that either circadian or interval-timing mecha-

nisms could be used to solve the task. If both time of day
and interval-timing mechanisms are available, tests can be
designed to identify which mechanism the animal uses to
restrict its visits to the correct locations and times. This
feature has generally not been included in previous time–
place experiments. For example, Carr and Wilkie (1998)
randomly tested rats daily in a random order within a 3-h
window of time. Therefore, time of day was rendered ir-
relevant. In order for both timing mechanisms to be made
available, it is necessary to test the animals at the same
time each day. 

The present work was conducted in order to address
some of the limitations in the time–place literature by
making available both interval and circadian mechanisms.
Eight locations were used to determine whether time–
place learning is limited to four locations. Rats were trained
in a fixed order in an eight-arm radial maze. Each location
provided reinforcement for a different 7-min interval dur-
ing a 56-min session. Testing was conducted at precisely
the same time each day so that food availability could be
predicted by a circadian mechanism. We assessed knowl-
edge of time and place (Experiments 1 and 2). We identi-
fied four potential mechanisms that could be used to solve
the time–place task, and we systematically tested each
mechanism (Experiments 3A–3D). The rats used door
opening or handling as a cue(s) to go to the first location
and visited subsequent locations by timing successive 7-
min intervals.

EXPERIMENT 1

Method
Subjects. Four male Long–Evans rats were obtained from Harlan

(Madison, WI). The rats were given unlimited access to 5001 Rodent
Diet (Lab Diet, Brentwood, MO) for 1 week, followed by 20 g for 1 day,
and 15 g per day thereafter. They were given unlimited access to
water, except during the experimental sessions. The rats were indi-
vidually housed in clear plastic cages lined with bedding (Ander-
sons, Bed’o cobs, Maumee, OH). The colony’s light onset and off-
set occurred at 0710 and 1905 h, respectively. The rats were 140 days
old and weighed 313 g at the beginning of the experiment; they
weighed 350 g at the end of the experiment. 

The rats participated in a pilot version of the present experiment
for 44 sessions, in which the animals were exposed to the time–place
task described below, with variations in the use of the guillotine
doors to limit access to the arms. The pilot demonstrated that it was
not possible to automatically and reliably close the doors behind the
rat as it entered the hub.

Apparatus. Testing was conducted in an eight-arm radial maze.
The central hub (MED Associates, ENV-538) consisted of a white
polypropylene octagonal base (28.6 cm in diameter, 11.4-cm sides),
metal walls (33.3 cm high), and a clear polycarbonate lid. The arms
radiated from the center hub, with equal spacing between each arm.
Each arm was 76.2 cm long and 8.9 cm wide with clear polycarbon-
ate walls (17.5 cm high) and was covered with strips of polycarbonate
of the same length. The central hub was equipped with eight guillo-
tine doors (MED Associates, ENV-540). A food trough (MED As-
sociates, ENV-200R1M) was located at the end of each arm. A pho-
tobeam (MED Associates, ENV-254) was situated 1 cm inside each
of the food troughs (1 cm from the trough bottom) to detect head en-
tries. A pellet dispenser (MED Associates, ENV-203) was posi-
tioned behind each food trough. Additional photobeams were lo-
cated in each arm at 3.8 and 5.1 cm from the guillotine doors.
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The maze was positioned inside an octagonal frame. The octago-
nal frame (298 cm in diameter), consisting of PVC tubing (130 cm
long on each side), was suspended from the ceiling with wires. This
frame included curtains that were retracted throughout the experi-
ment so that extra-maze cues were visible. The maze was positioned
on stools 81.3 cm above the floor. There were several other objects
in the room (i.e., a desk, a chair, a sink, shelves, and posters) that re-
mained in fixed locations throughout the experiment. White noise
(67 dB) was used to mask outside noises. A 500-MHz computer in
an adjacent room, running MED-PC for Windows (Version 1.15),
controlled experimental events (i.e., guillotine doors and food) and
recorded photobeam interruptions with 10-msec resolution. A video
monitor was positioned in the ceiling above the center of the maze
to permit observation of the rats from an adjacent room.

Procedure. Pretraining consisted of 4 days in which four 45-mg
pellets (Noyes Precision pellets, Improved Formula A/I, Research
Diets, New Brunswick, NJ) were placed along each arm, and one
pellet was placed in each food trough. The rats were individually
placed in the maze for approximately 20 min per day. When it had
eaten all the pellets, the subject was removed, and the next rat was
placed in the maze.

In the time–place task, each session was 56 min in duration. The
session was divided into 8 time zones, each with a duration of 7 min;
no stimuli signaled the transition across time zones. During a given
time zone, one of the arms of the maze was active and provided food.
The order of active locations was randomized for each rat prior to the
start of the experiment. The order was used consistently for that rat
throughout the experiment. For example, for 1 of the rats, food was
available sequentially at the following locations: 5, 2, 4, 7, 1, 8, 6,
and 3. When a location was active, food was available intermittently,
using the following schedule. Food was delivered contingent on the
breaking of the photobeam inside the active food trough. After a pel-
let was delivered, no additional food was available until the rat ap-
proached the hub. Approaching the hub was defined as interruption
of the photobeam adjacent to the hub on the current arm. An ap-
proach to the hub did not require that the rat exit the current arm, al-
though the rats frequently exited an arm after approaching the hub.
The approach initiated a 10-sec intertrial interval (ITI). At the end
of each ITI, food was again available at the currently active location,
following the schedule described above. The rats were able to obtain

multiple pellets during each time zone. They were free to visit any
of the locations (active or inactive) at any time but could not receive
reinforcement at the active location until the ITI had ended and the
appropriate food trough photobeam had been interrupted.

The time of daily testing was carefully controlled to ensure that in-
terval and circadian cues were consistently associated with food
availability. Sessions started at a fixed time �30 sec for each sub-
ject, using a clock (Atomic Moon Phase Clock, Model 86715) that
received a radio transmission from a Cesium-133 clock operated by
the National Institute of Standards and Technology. If it was not pos-
sible to start the rat’s session according to the schedule described
above, the rat was not tested on that day; a rat’s session was canceled
on four occasions. The standard deviation of start times was 5 sec.
Daily testing of the first rat began at 1400 h. After each shift, the rat
was returned to the colony, and the next rat was tested in a consistent
order each day. The rats received a daily postsession ration at approx-
imately 1800 h. The amount of food in the postsession ration was ad-
justed on the basis of the amount of food in the session to maintain
daily consumption at 15–20 g. Testing was conducted 5–7 days per
week. The arms of the maze were washed daily with a diluted solu-
tion of Nolvasan (Fort Dodge Animal Health, Fort Dodge, IA). Ac-
quisition consisted of 61 sessions.

Data analysis. The dependent variable was the frequency of vis-
its to each of the eight locations. A visit was defined as the first in-
terruption of a food trough photobeam following the interruption of
the photobeam closest to the central hub of that arm. This definition
of a visit excluded any additional interruptions of the photobeam at
the food trough while the pellet was being consumed. When a pho-
tobeam near the hub was interrupted, it was followed by a photobeam
interruption at a food trough 87.4% of the time, on average. All pho-
tobeam interruptions were recorded.

Throughout this article, the criterion for statistical significance is .05.

Results and Discussion
Acquisition. Figure 1 plots the proportion of visits that

occurred at correct locations (visits at the correct location
divided by the sum of visits to all locations averaged across
the eight locations) as a function of five-session blocks of
acquisition. The mean proportion correct in the first ses-

Figure 1. Mean proportion of visits at the correct location plotted as a func-
tion of blocks of five sessions in Experiment 1. The data are means across the
eight active locations from the eight time zones. The dashed line indicates the
proportion correct expected by chance. Error bars represent �1 SE.
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sion was .20 (SE � .04); although the initial level of per-
formance might represent an overestimate, due to prior
experience with the task in the pilot study, performance
on the first session was not significantly different from the
chance level of .125. The high terminal level of performance
documents that the rats were directing most of their visits
to the temporally correct location. An analysis of variance
(ANOVA) with session as a repeated measure revealed
that there was a significant effect of sessions [F(11,33) �
13.39, p � .01]. The proportion correct reached a plateau
during the last 30 sessions; therefore, all subsequent analy-
ses were conducted on the last 30 sessions.

Time–place performance. Figure 2 plots the re-
sponse rate as a function of time since the start of the ses-
sion at each location. The rats allocated the majority of

their responses to the active location during each time
zone. Responses at each location reached a plateau early
in the time zone shortly after each location became active.
An exception to this is observed at Location 1; responses
did not reach plateau levels until approximately the middle
of Time Zone 1. Immediately after a location became in-
active, response rates declined within approximately 1 min.

Small peaks in response rate occurred at the start of
new time zones. The peaks occurred at 7-min intervals, at
each location that had not yet become active in the session
(i.e., note that peaks did not occur after the primary visits
to each location on the right side of Figure 2). These ob-
servations suggest that (1) the rats searched multiple lo-
cations when an active location ceased to provide food and
(2) the rats remembered which locations had already been

Figure 2. Responses per minute plotted as a function of time since the start
of the session at each location during the last 30 sessions in Experiment 1. Each
panel displays data from one location; the location is indicated by the number
in each panel. Food was available between the times indicated by vertical lines
in each panel.
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active in the current session (i.e., working memory),
thereby restricting the search to locations that were sched-
uled to provide food. 

The high response rates at the active locations during
each time zone in Figure 2 indicate that the rats effectively
restricted the majority of their visits to locations that were
currently providing food. However, an animal could have
produced this pattern of data by inspecting locations until
the currently active location had been visited, at which point
the animal could have continued to visit the active location
until food was no longer available at that location. We dis-
tinguish between a win–stay, lose–shift hypothesis with
no knowledge of time and place and a win–stay, lose– shift
hypothesis with knowledge of time and place. According
to the former hypothesis, the rats are expected to search
locations randomly after leaving a previously active loca-
tion. According to the latter hypothesis, the rats are ex-
pected to adjust their search behavior before experiencing
changes in food availability. In the next several sections,
we will test for knowledge of time and/or place.

Temporal anticipation of spatial location. An ani-
mal that used a win–stay, lose–shift strategy without any
knowledge of time or place would not be expected to an-
ticipate the arrival of food before it was available. In con-
trast, an animal might time each time zone by utilizing in-
formation about the sequence of active locations, in addition
to depending on the food cues of a win–stay, lose–shift
strategy. One method by which to test the hypothesis that
the animal has no knowledge of time and place is to ex-
amine anticipation of the soon-to-be active location. An
animal that relies on a win–stay, lose–shift strategy with-
out the use of temporal or spatial information about the
time–place contingencies would not anticipate the next
active location. In contrast, an animal that was timing the
current time zone would be able to visit the next location
before any food is available at that location. Anticipation

of the location that will be active in the next time zone can
be documented by a higher terminal response rate at the
end of a time zone, relative to the rate earlier in the time
zone at that location.

Figure 3 plots the response rate at the next active and
other inactive locations as a function of time prior to the
start of the active location. The data for the next active lo-
cation were the visits averaged across the prior intervals
for Locations 2–8 (i.e., locations that have a time zone to
examine prior to the active location). The other inactive-
location data consist of the average of all visits excluding
those at the next active and currently active locations.
More responses were allocated to the next active location
than to the other inactive locations. A peak in response rate
is apparent at the beginning of the interval for both types
of location; these peaks in response rate correspond to the
small peaks in Figure 2 that occurred at the start of new
time zones. After the initial peak, the response rates at
both locations decreased to a low point during the interval.
This was followed by an increase in the function toward
the end of the interval at the next active location. The
function is relatively flat at the inactive locations for the
remainder of the interval. The increase in response rate at
the next active location was small (Figure 3), relative to
the rate of visiting currently active locations (Figure 2).
Therefore, it is difficult to observe relatively small changes
in rates in Figure 2.

The data from the last 5 min of the active interval were
subjected to a two-way ANOVA with time as a repeated mea-
sure and location as a between measure; the first 2 min were
excluded to remove the initial peak. Response rate was
higher at the next active location than at the other inactive
locations [F(1,6) � 45.5, p � .01]. Response rate increased
as a function of time [F(14,84) � 6.74, p � .01]. There was
a significant time � location interaction [F(14,84) � 2.63,
p � .05]. This interaction reflects the fact that the propor-

Figure 3. Responses per minute at the next active and inactive locations plot-
ted as a function of time prior to the active interval in Experiment 1. The x-axis
is plotted in reverse order; zero indicates the start of the next time zone.
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tion of responses allocated to the next active location in-
creased more rapidly as a function of time than did the re-
sponse rate at the other inactive locations (see Figure 3). 

To characterize the nature of the interaction, the data at
the next active location were subjected to an ANOVA with
time as a repeated measure. This revealed a significant ef-
fect of time [F(14,42) � 4.72, p � .01; estimated effect
size, ω2 � 0.73], indicating that the rats anticipated the
arrival of food at the next active location before food be-
came available at that location. To evaluate anticipation at
the next active interval, we compared the proportion of re-
sponses at the next active location at 5 min prior to the
time zone transition versus the proportion during the time
just prior to the transition. This contrast revealed a signif-
icant effect [F(1,3) � 13.4, p � .05].

The data at the other inactive locations were also sub-
jected to an ANOVA with time as a repeated measure.
This also revealed a significant effect of time [F(14,42) �
4.17, p � .01]. Anticipation at the next active interval was
assessed by comparing the proportion of responses at the
inactive locations at 5 min prior to the time zone transition
versus the proportion during the time just prior to the tran-
sition. This contrast was not significant [F(1,3) � 6.84,
p � .05].

The high proportion of responses at both the next active
and other inactive locations in Figure 3 corresponds to the
search that occurs at the start of time zones at locations
that have not yet provided food in the session (next active
and other inactive locations have not yet provided a reward
during the session). This was described in the section above
(see Figure 2). The observation that the response rate in-
creased at the next active location before the end of the time
zone suggests that the rats anticipated the end of the 7-min
interval at the next location scheduled to provide food. Al-
though the increase in response rate was relatively small,
these anticipatory visits occurred while the rats visited the
active location, which provided food on an intermittent
schedule. Nevertheless, the reliable increase in response
rate at the end of the time zone is consistent with the ani-
mals’ timing the active time zone. The lower, relatively
flat function corresponding to the proportion of responses
allocated to the other inactive locations suggests that the
rats have knowledge of what places will not provide re-
ward during the next interval. In conclusion, the rats an-
ticipated the end of the 7-min interval at the next active lo-
cation while searching other locations at a lower rate.

Superposition. The observation that the rats were an-
ticipating the arrival of food at the next active location
suggests that the rats were timing an interval. However,
these data do not indicate what interval they were timing.
According to one hypothesis, the animals were timing suc-
cessive 7-min intervals throughout the session. According
to this hypothesis, the rat searched at the next location as
the end of the 7-min interval approached. According to a
second hypothesis, the rats were timing a cumulative in-
terval with respect to the start of the session (i.e., 7 min to
get to Location 2, 14 min to get to Location 3 . . . 49 min to
get to Location 8). To test these hypotheses, we separately

examined the data prior to active Locations 2–8 as a func-
tion of time (i.e., the individual anticipation functions that
were averaged and presented in Figure 3 as the next active
location). For each location, we determined the time (in min-
utes) at which the response rate exceeded 85% of its max-
imum rate to provide a quantitative measure of superposi-
tion. These data were expressed in relative time by dividing
the transition time by a value that was determined by the
hypotheses described above. If the rats were timing 7 min
for each location, dividing each transition time by 7 min
should produce values that superimpose (i.e., relative time
values that do not vary systematically across locations).
Alternatively, if the rats were timing 7, 14, 21, . . . 49 min
for Locations 2, 3, 4, . . . 8, respectively, then dividing each
transition time by 7, 14, 21, . . . 49 min should produce val-
ues that superimpose.

Response rate at Locations 2–8 were examined in the
time zone before each location became active. Response
rate was expressed as a percentage of the maximum rate
at each location. The time (in minutes) at which the per-
centage of maximum rate crossed 85% was determined
for each subject at each location. The first 2 min of the in-
terval were excluded from this analysis, because this was
the point at which a peak occurred at the start of time zones
at the forthcoming active locations (see Figures 2 and 3).
There were three instances in which multiple points of
transition across 85% of the maximum rate occurred. In
these three cases, the data were subjected to a median
smooth in order to estimate a single point of transition.

The top panel of Figure 4 plots the relative transition
times, using the hypothesis that the rats were timing succes-
sive 7-min intervals at Locations 2–8. There are no appar-
ent trends in the relative transition times with respect to
the hypothesis that the rats were timing successive 7-min
intervals. The bottom panel of Figure 4 plots the relative
transition times, using the hypothesis that the rats were
timing with respect to the start of the session (i.e., 7, 14, 
. . . 49 min) for Locations 2–8. Relative transition times
decreased as the session progressed. If the rats were tim-
ing successive 7-min intervals, we would predict that the
points of transition should be constant when divided by 7
but not constant in transition times divided by 7–49. Al-
ternatively, if the rats were timing one cumulative interval
throughout the session, the transition times would be con-
stant when divided by 7–49, but not when divided by 7.
ANOVAs were performed on the relative transition times,
with location as a repeated measure. There were no sig-
nificant differences in the transition times divided by 7 at
each of the locations in the analysis [F(6,18) � .75, p �
.05]. This result suggests that transition times divided by
7 superimpose in relative time (Figure 4, top panel). There
was a significant difference in the transition times divided
by 7–49 [F(6,18) � 5.67, p � .01]. This result suggests
that these transition times do not superimpose in relative
time with respect to timing the entire session (Figure 4,
bottom panel). In conclusion, the results of the superposi-
tion analysis suggest that the rats were timing successive
7-min intervals at each active location.
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Counting pellets. It is possible that the rats were count-
ing the number of pellets earned during a given time zone
and then moved to the next active location, rather than
timing successive 7-min intervals. If the rats were sensi-
tive to the number of pellets, we would expect to observe
a change in the proportion correct as a function of the
number of pellets earned during the time zone. To test this
hypothesis, we analyzed the proportion correct after few
and many pellets while holding time within the time zone
constant. We first counted the number of pellets earned in
the first 3.5 min of each trial. Next, we identified trials in
which the rats received less or more than the median
amount of food. Finally, we identified the proportion of
times that they visited the correct location on these low-
food and high-food trials, using the visits that preceded
and followed 3.5 min into the time zone; these proportions
were .80 and .88 for low- and high-food trials, respec-
tively. The number of pellets earned and the amount of
time at the active location are confounded. In particular,
the amount of food earned correlates with the amount of
time that was available to earn food. Therefore, the time
at which the rats first visited the correct location was used
as a covariate in an analysis of covariance on the propor-
tion of correct visits, with low- versus high-food trial types

serving as a repeated measure. This analysis revealed that
there was no significant difference between these two pro-
portions [F(1,2) � 9.35, p � .05]. This suggests that the
number of pellets earned did not influence the rate of vis-
iting the correct location while holding time constant for
the comparison across food quantities. The observation
that proportion correct did not change as a function of
food should be interpreted with caution. This experiment
was not designed to unconfound food and time; these vari-
ables could be unconfounded experimentally by manipu-
lating the rate of food presentation.

Anticipation of departure from the currently active
location. The fact that the rats anticipated the next active
location suggests that they may have been timing the du-
ration of the time zone. Additional evidence for timing
may come from observing anticipation of the end of the
current time zone (i.e., a decline in visits as a function of
time at the currently active location); an animal with no
knowledge of time or place would not be expected to an-
ticipate the end of the currently active time zone. Figure 5
displays the proportion of correct visits as a function of
time. Initially, the proportion correct increased. After 2 min,
the proportion reached its highest point during the time
zone. Then the proportion decreased slightly over the next

Figure 4. Top: the relative time of transition beyond 85% divided by 7 at each
location is plotted as a function of locations to evaluate the successive 7-min in-
terval hypothesis. Bottom: the relative time of transition beyond 85% divided
by 7–49 is plotted as a function of locations to evaluate the hypothesis that the
rats were timing the session. Error bars represent �1 SE.
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5 min. The decrease in visits at the currently active loca-
tion was small (Figure 5) relative to the rate of visiting
currently active locations. Therefore, it is difficult to ob-
serve the relatively small changes in Figure 2.

The data from the last 5 min of the active interval were
subjected to an ANOVA with time as a repeated measure.
The first 2 min of data were excluded to remove the initial
increase. The proportion correct decreased as a function
of time [F(14,42) � 4.21, p � .05; estimated effect size,
ω2 � 0.44]. The proportion correct declined by .075.
This suggests that the rats anticipated the end of the cur-
rent time zone. They did this despite food continuing to be
available at the active location.

As the end of the time zone approached, the rats searched
the currently active location less frequently (Figure 5), while
they searched the next active location more frequently
(Figure 3). The rats searched other locations while they con-
tinued to get food from the active location. Although both
changes in response rate were relatively small, they are
both consistent with the rats’ timing successive 7-min in-
tervals. It is noteworthy that both types of anticipation re-
flect errors; no food is obtained by visiting the next active
location early, and less food is obtained by reducing visits
to the currently active location. Therefore, small anticipa-
tory changes in Figures 3 and 5 may reflect a strategy in
which the rats check the next active location while mini-
mizing lost opportunities to obtain food at the currently
active location. Departures in responding at the active lo-
cation while food remained present have been docu-
mented in previous time–place studies involving interval
timing (Carr & Wilkie, 1998) and circadian timing (Biebach
et al., 1991; Biebach et al., 1989; Krebs & Biebach, 1989).

Spatial choice in absence of food transition cues. The
observation of temporal anticipation restricted to the spa-
tially correct location supports the hypothesis that the rats
have information about time and place. If the rats were re-
lying exclusively on food transition cues without any

knowledge of time and place, then when a rat leaves the
previously active location at the start of the new time zone,
the visits should occur randomly among the other loca-
tions. In contrast, if the rats had knowledge about the next
active location, then when a rat leaves the previously ac-
tive location at the start of the new time zone, the rats
would be expected to visit the currently active location
more frequently than other locations.

To assess the knowledge about the currently active lo-
cation, we analyzed the segment of data that occurred im-
mediately after a time zone transition (i.e., before receiv-
ing food at the start of a new time zone). The data consisted
of the responses that occurred from the start of a new time
zone until (1) a visit occurred at the currently active loca-
tion or (2) a visit occurred at the previously active location.
This means that responses were analyzed until the rat ei-
ther earned food from the currently active location (thereby
receiving a food cue) or did not receive food from the lo-
cation that was previously active (thereby receiving a non-
food cue). The duration of this segment of data was 10.5
sec, on average, and terminated with a nonfood cue on
79% of the trials.

If a location was currently scheduled to provide rein-
forcement, it was categorized as currently active. The lo-
cation that had just ceased to provide reinforcement is re-
ferred to as the previously active location. If a location had
not yet provided reinforcement during the session, it is re-
ferred to as a forthcoming active location. If a location has
provided reinforcement before the previously active loca-
tion, it is referred to as an earlier active location.

Figure 6 plots the proportion of responses at all loca-
tions from the start of Time Zones 2–8; a break appears
in the y-axis so that differences between currently active
and forthcoming and earlier active locations can be seen
in the same figure in which a high rate occurred for the
previously active location. The proportions were calcu-
lated separately for each time zone (note that the sum of

Figure 5. Proportion of correct visits plotted as a function of time since the
start of the current time zone in Experiment 1.
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proportions from the eight locations equaled 1.0 at each
time zone for each rat). This figure illustrates that a large
proportion of responses occurred at the previously active
location. The second highest number of responses oc-
curred at the currently active location. The data were sub-
jected to an ANOVA with time zone and location as re-
peated measures. There was a significant effect of location
[F(7,21) � 8.52, p � .01], but not of time zone [F(6,18) �
0.63, p � .05]. The interaction was also significant
[F(42,126) � 55.03, p � .01]. This interaction reflects the
fact that the rats visited the previously active location after
each time zone transition; this location was different dur-
ing each time zone transition.

Figure 7 plots the average proportion of responses to each
type of location during the session, combining across time
zones; a break appears in the y-axis so that differences be-
tween currently active and forthcoming and earlier active
locations can be seen in the same figure in which a high
rate occurred for the previously active location.

These data are consistent with the hypothesis that the
rats were using nonfood transition cues. On the majority
of the trials, the rats stayed at the previously active loca-
tions after the time zone transition, thereby obtaining a non-
food cue. 

On the subset of trials in which the rats did not experi-
ence a nonfood cue, there is evidence that the rats discrim-

Figure 6. Proportion of responses allocated to each location plotted for each time zone at
the time of transition into a new time zone (i.e., before food transition cues were received) in
Experiment 1. Note the break in the y-axis.

Figure 7. The average proportion of responses at each type of location aver-
aged across Time Zone Transitions 2–8 before food transition cues were re-
ceived in Experiment 1; error bars represent SE. Note the break in the y-axis.
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inated the currently active location from the forthcoming
and earlier active locations. In this respect, obtaining a
nonfood cue masked knowledge of the currently active lo-
cation. To assess what knowledge the rats had about which
location was currently active in the absence of food tran-
sition cues, we compared the average proportion of re-
sponses at earlier active locations with that at the currently
active location. The analysis revealed a significant differ-
ence [t (3) � 6.64, p � .05], suggesting that the rats had
knowledge of which locations have provided reinforce-
ment, as well as which location was currently active dur-
ing the session. The rats allocated more responses to the
currently active location than they did to the earlier active
locations. This pattern of behavior suggests the use of work-
ing memory because the rats’ needed to continuously up-
date their memory for those locations that provided re-
ward in the session, then use that information in order to
search not-yet-rewarded locations (i.e., the status of ear-
lier active locations and currently active locations changed
throughout the session). The rats allocated more responses
to the currently active location than they did to forthcom-
ing active locations [t(3) � 8.3, p � .05]. This observation
suggests that the rats had information about which loca-
tion was currently active.

In conclusion, although the rats had a strong tendency
to remain at the previously active location at the start of a
new time zone, there is evidence that the rats discrimi-
nated the currently active location from earlier active lo-
cations and from forthcoming active locations. The rats
adopted a win–stay, lose–shift strategy but had additional
knowledge of time and place.

Spatial choice after a nonfood cue. The previous sec-
tion analyzed where the rats searched after a time zone tran-
sition occurred. It showed that the rats primarily visited
the previously active location. However, it provided evi-
dence that the rats had information about which location
was currently active prior to receiving a nonfood or a food
cue. To provide a converging line of evidence that the rats
had information concerning the currently active location,
we analyzed where the rats visited immediately after leav-
ing the previously active location. If the rats used a win–
stay, lose–shift strategy with no knowledge of time and
place, visits should have occurred randomly once they left
the previously active location. Alternatively, if the rats had
knowledge of the currently active location prior to ob-
taining food, the visits to the currently active location
should have occurred at a rate higher than would be ex-
pected by chance.

In order to assess the rats’ knowledge of the currently
active location, we analyzed the first visit immediately
after they left the previously active location; in this analy-
sis, the rats may have made multiple visits to the previ-
ously active location before leaving it. If the rats used
working memory to keep track of previously rewarded lo-
cations, the number of locations to randomly choose from
decreased as the session progressed. Consequently, chance
performance increased as a function of time zones as the
number of locations excluded by working memory in-
creased throughout the session (i.e., working memory er-

rors were excluded from this analysis). For example, after
a rat had visited the previously active location at the start
of the second time zone, the number of remaining active
locations during the session was seven. Thus, chance per-
formance was 1/7. In contrast, after a rat had visited the
active location at the start of the third time zone, the num-
ber of remaining active locations was six. Therefore,
chance performance was 1/6. Near the end of the session,
chance performance at the start of Time Zone 7 was .5.
The average rate of visiting a correct location averaged
across Time Zones 2–7 by chance was .27 according to
this model.

The mean proportion of visits to the currently active lo-
cation for Time Zones 2–7 was .41 (SE � .05). The ob-
served proportion of visits to the currently active location
was significantly above chance [t (3) � 3.14, p � .026,
one-tailed]; the test was one-tailed because the hypothesis
that the rats had knowledge of time and place predicts that
the rats would visit the currently active location at a rate
greater than that expected by chance. A win–stay, lose–
shift strategy plus working memory for the previously re-
warded locations, but without other knowledge of time or
place, is insufficient to explain the performance of the rats.
The rats apparently had knowledge of the next active lo-
cation prior to obtaining food at that location.

These results suggest that a win–stay, lose–shift strategy
with no knowledge of time and place is not adequate to ex-
plain the performance of the rats. If they had been using
this strategy, the rats would have searched randomly among
the remaining locations. The rats went to the correct loca-
tion following a nonfood cue more frequently than would
be expected by chance, suggesting that they were not vis-
iting locations randomly. They were utilizing information
about time and place to get to the next active location
more efficiently than would be expected by chance once a
time zone has ended.

EXPERIMENT 2

In Experiment 1, the transitions to the next active loca-
tion were dependent on receiving a nonfood cue at the pre-
viously active location, but we concluded that the rats had
knowledge about which location was currently active. In
order to provide a converging line of evidence for this con-
clusion, we experimentally manipulated the food transi-
tion cue. If the rats know nothing about which location is
active, then when food cues are removed, visits would be
predicted to occur randomly among all locations. In con-
trast, if the rats have knowledge about the next active lo-
cation, then when food cues are removed, visits to the ac-
tive location will occur at a higher rate than to forthcoming
locations and previously active locations. 

Method
Subjects. The rats from Experiment 1 were used in Experiment 2.
Apparatus. The apparatus was the same as that in Experiment 1.
Procedure. Probe sessions were identical to training in Experi-

ment 1, except that reinforcement was not available during the fifth
time zone. During these probes, food was available at each location
except during the fifth time zone (i.e., the time zone at which rein-
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forcement usually occurred 28–35 min since the start of the ses-
sion). Visits were counted as described in Experiment 1. Three probe
sessions were conducted. Intermixed with these probe days were
training days that were identical to acquisition described in Experi-
ment 1. Each probe was randomized within a 4-day block, with the
restriction that probes were separated by at least 2 consecutive train-
ing days.

Results and Discussion
Figure 8 plots the proportion of visits to each of the lo-

cations during the probe tests. The dependent variable is
the proportion of visits allocated to each location during
the 7-min interval that was not rewarded in probe tests
(i.e., Time Zone 5). For consistency with the terminology
outlined in Experiment 1, we refer to Location 5 as currently
active. However, in the probes, no reward was available.
The visits do not appear to have been evenly distributed
across locations. There were larger proportions at the cur-
rently active and the forthcoming active locations (i.e.,
Locations 5–8), relative to the earlier and the previously
active locations (Locations 1–4). The location with the
largest proportion of visits was the fifth location.

These data were subjected to an ANOVA with location
as a repeated measure. There was a significant effect of lo-
cation [F(7,21) � 8.07, p � .01]. There was a significant
difference between the proportion of responses allocated to
the fifth location relative to the previously active location
[i.e., Location 4; t(3) � 3.23, p � .05]. The fifth location
had significantly more responses than the average of the
forthcoming active locations [i.e., Locations 6–8; t(3) �
3.55, p � .05]. There was also a significant difference be-
tween the fifth location and the average of the earlier ac-
tive locations [i.e., Locations 1–3; t(3) � 8.97, p � .01].

The data suggest that the rats discriminated the fifth lo-
cation from (1) the previously active location (i.e., Loca-
tion 4), (2) earlier active locations (Locations 1, 2, and 3),
and (3) forthcoming active locations (Locations 6, 7, and

8). The low proportion of responses at the previously ac-
tive location (i.e., Location 4) likely occurred because the
rats received a nonfood cue at this location (cf. Figure 7).
In Experiment 2, a nonfood manipulation was used to pro-
vide a converging line of evidence for the conclusions that
were reached in the analysis of the data from Experiment 1.

EXPERIMENT 3

The results of Experiment 1 showed that the rats were
able to discriminate locations and times. Further analyses
suggested that the rats had knowledge of the time and
place at which food was available, in addition to the use of
food transition cues. This conclusion was supported by the
results of Experiment 2. The question remains, How were
the rats solving the time–place task?

Although the rats restricted most of their visits to the
active time zones, the cue(s) that they used remain to be
identified. There are several cues that the rats could have
used to complete the task. Presumably, multiple cues are
simultaneously available during the standard training con-
ditions. Our approach was to identify four cues that were
confounded in the standard training conditions (i.e., the
rats may have used one or more of these cues). To identify
which, if any, of these cues were used by the rats, we sep-
arately unconfounded one cue at a time in a series of four
manipulations. 

The animals may have solved the time–place discrimi-
nation by using any of four mechanisms. First, active lo-
cations could have been predicted by the amount of time
that had elapsed since light onset in the colony. According
to this proposal, the rats reset an interval clock when the
lights were turned on in the colony. Because the time of
testing was carefully controlled, the interval between light
onset and food availability was a reliable variable that
could have been used to arrive at active locations. Second,

Figure 8. The proportion of visits to each location during the probe tests in
Experiment 2; error bars represent �1 SE. The data are pooled across the 7-
min interval in the fifth time zone.
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the rats were handled immediately prior to testing, and the
doors opened at the start of daily testing. Therefore, han-
dling and/or the opening of the doors could have served as
a cue that led the animals to the first active location. The
event of being handled may be a salient cue to an animal,
and a rat may use this cue as part of a stimulus–response
habit (i.e., when the handling cue[s] are experienced,
doing a particular response—entering Arm 1—is re-
warded by food). Third, active locations could have been
predicted by the amount of time that elapsed since being
handled at the start of the session. According to this pro-
posal, the rats reset an interval clock when they were han-
dled at the start of the session. Food at each active location
was available after a predictable amount of time with re-
spect to handling. And fourth, active locations could have
been predicted on the basis of time of day. Although it is
unlikely that a circadian oscillator can be used to time
short intervals, time of day was a reliable variable.

These four mechanisms can be summarized as follows.
There are two timing mechanisms (i.e., interval and circa-
dian). Within the interval timing mechanism, there are two
potential resetting cues (i.e., light onset in the colony and
handling of the rats). There is one nontiming hypothesis;
the event of being handled represents a salient cue that the
animal may use as part of a stimulus–response habit. In par-
ticular, when the rat is handled, doing a particular re-
sponse (i.e., enter Arm 1) is followed by a reward. The dis-
tinction between the handling interval and the handling
cue hypotheses is subtle. One proposal is that the rats may
reset an interval clock when they are handled and time an
interval with respect to this event. The alternative proposal
is that the stimulus of being handled prior to testing is a
cue to enter Arm 1.

The four mechanisms described above were confounded
during standard training conditions. The purpose of Ex-
periment 3 was to dissociate each of these mechanisms,
one at a time. This required four manipulations. In each
procedure, we adjusted one or more of the following: the
time at which the colony lights were turned on, the time at
which the animals were placed in the maze, and the time
at which the doors to the arms of the maze were opened.
These events either occurred at their training times or
were adjusted by 42 min. For each procedure, the mecha-
nisms described above predicted that the rats would visit
Location 1 or 7.

Experiment 3A

The light onset interval hypothesis was tested by turn-
ing the lights on earlier than usual in the colony and test-
ing the rats at the standard training time. The rats would
go to the location that corresponded to Time Zone 7 if they
were timing with respect to light onset in the colony. The
rationale for this prediction is that if they were timing the
interval since light onset and we advanced light onset by
42 min, the rats should respond at the location that is
42 min into the session (i.e., the location associated with
Time Zone 7). Changing the time at which light onset oc-
curs should have no affect according to the other mecha-

nisms. The time of day cue has not changed because the
time of day at which the session started during the test is
the same as it was during training. Therefore, time of day
predicts the location associated with Time Zone 1. If han-
dling the rats and/or opening the doors at the start of a ses-
sion served as a cue at the start of a session, the rats would
visit Location 1. Altering the light cycle did not change the
interval between handling and testing. Consequently, if
the rats were timing the interval since being handled they
would be predicted to go to Location 1.

Method
Subjects. The rats from Experiments 1 and 2 were used in Ex-

periment 3A. 
Apparatus. The apparatus was the same as that in Experiments 1

and 2.
Procedure. The rats received 8 days of training before this ma-

nipulation. The training was identical to that described in Experi-
ment 1. On the test day, light onset occurred 42 min early, relative to
training conditions. Testing began at the same time as it did during
training. The doors were opened immediately after placing the rat in
the central hub. The duration of testing was 14 min. Food was not
available during the probe test.

Data Analysis
Because there was no reinforcement given during these proce-

dures, visits became less numerous, and the rats began to search all
locations as time into the interval progressed. Therefore, the analy-
sis was restricted to the first 2 min.

Results and Discussion
Figure 9A plots the proportion of visits to each of the

locations during probe testing. A larger proportion of vis-
its were observed at the location associated with Time
Zone 1, relative to the other locations, including Location 7;
the light onset interval hypothesis predicts Location 7,
whereas Location 1 is predicted by handling/door-opening
cues, handling onset interval, and time-of-day hypotheses.
The data were subjected to an ANOVA with location as a
repeated measure. There was a significant effect of loca-
tion [F(7,21) � 10.1, p � .01]. Locations 1 and 7 were also
significantly different [F(1,21) � 58.6, p � .01]. These data
rule out a mechanism that times an interval with respect
to light onset. They are consistent with the following
mechanisms: timing an interval with respect to a handling
event, handling/door-opening cues, and time of day.

Experiment 3B

We tested the handling/door-opening cues hypothesis
by isolating the rats in the central chamber and blocking
access to the arms by delaying the opening of the doors by
42 min. If the rats were using handling/door cues, they
would be predicted to go to the location associated with
Time Zone 1. They would visit this location because this
is where they go whenever they are first handled or when
the doors first open. The time-of-day hypothesis predicts
that the rats will visit the location associated with Time
Zone 7 because the current time of day corresponds to the
time at which Location 7 is usually active. If the rats were
timing the interval with respect to being handled, they
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would be predicted to visit Location 7, because the rats
were handled and then spent the equivalent of six time
zones isolated in the central chamber. If the rats were tim-
ing an interval with respect to light in the colony, they
would be predicted to visit Location 7. Although the rats
were isolated in the chamber for 42 min, the interval of
time between light onset and 42 min into the session cor-
responded to Time Zone 7.

Method
Subjects, Apparatus, and Data Analysis. The subjects, appa-

ratus, and data analysis were the same as those described in Exper-
iment 3A.

Procedure. The rats received 16 days of training before this ma-
nipulation. On the test day, the rats were placed in the central cham-
ber of the radial maze at the same time as they were during training.
Access to the arms was blocked for 42 min. In all other respects, the
procedure was the same as that in Experiment 3A. 

Results and Discussion
Figure 9B plots the proportion of visits to each of the lo-

cations. The proportion of visits during the probe was largest
at the location associated with Time Zone 1, relative to the
other locations, including Location 7. The handling/door-
opening cue hypothesis predicts Location 1, whereas Lo-
cation 7 is predicted by light onset interval, handling onset

interval, and time-of-day hypotheses. An ANOVA with re-
peated measures revealed a significant effect of location
[F(7,21) � 5.5, p � .01]. Locations 1 and 7 were also sig-
nificantly different [F(1,21) � 47.8, p � .01].

These data rule out a mechanism that times an interval
with respect to light onset or handling onset and one that
uses time of day. The data are consistent with a mecha-
nism that uses handling/door-opening cues. This suggests
that the rats initiated their search on the basis of a condi-
tional discrimination; immediately after being handled,
the rats visited Location 1; the rats arrived at other loca-
tions by timing successive 7-min intervals.

Experiment 3C

In order to test whether the rats were timing an interval
with respect to the time at which handling occurred, test-
ing was advanced, and the opening of the doors was de-
layed by blocking access to the arms for 42 min. If the rats
were timing the interval since handling, they would visit
the location associated with Time Zone 7. Because access
to the arms was delayed by 42 min, the interval between
handling and the opportunity to visit a location corre-
sponds to the amount of time that ordinarily occurs prior
to Time Zone 7. Advancing the start of testing and delay-
ing the opening of the doors should have no effect ac-

Figure 9. The proportion of visits to each location in Experiments 3A–3D.
The data are pooled across the first 2 min of testing.
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cording to the other mechanisms. The use of handling/
door-opening cues predicts Location 1, because this is the
first location to visit when the arms are first accessible.
Although the rats were placed in the testing apparatus ear-
lier and isolated in the central chamber for 42 min, the in-
terval between light onset and testing corresponds to the
value that ordinarily occurs during Time Zone 1. The op-
portunity to respond during this manipulation occurs at
the time of day that corresponds to the first time zone, be-
cause the advance in handling and the delay in opening
the doors cancel each other out.

Method
Subjects, Apparatus, and Data Analysis. The subjects, appa-

ratus, and data analysis were identical to those described in Experi-
ment 3A.

Procedure
The rats received 8 days of training before this manipulation. On

the test day, the start time for each animal was advanced by 42 min
(i.e., the rats were handled earlier than in training). After a rat was
placed in the central chamber, the doors remained closed for 42 min.
In all other respects, the procedure was the same as that in Experi-
ment 3A.

Results and Discussion
The proportion of visits to all locations are plotted in Fig-

ure 9C. The proportions of visits are larger at the locations
associated with Time Zones 1 and 2, relative to the other
locations. The handling onset interval hypothesis predicts
Location 7, whereas Location 1 is predicted by light onset
interval, time-of-day, and handling/door cue hypotheses.
These data were subjected to an ANOVA with location as
a repeated measure. This revealed a significant effect for
location [F(7,21) � 3.0, p � .05]. Locations 1 and 7 were
also significantly different [F(1,21) � 5.9, p � .05].

These data rule out a mechanism that times an interval
with respect to handling. These data are consistent with
the following mechanisms: time of day, handling/door-
opening cues, and timing an interval with respect to light
onset in the colony.

Experiment 3D

Testing the time-of-day hypothesis involved delaying
the time at which light onset took place in the colony room
and delaying the handling of the rats by 42 min. If the rats
were visiting locations on the basis of time of day, the rats
would be predicted to visit Location 7. Delaying light onset
and delaying handling of the rats should have no effect ac-
cording to the other mechanisms. Because access to the
arms was delayed by 42 min, the doors opened at the time
of day that corresponded to Time Zone 7. The use of 
handling/door-opening cues would predict Location 1, be-
cause this would be the first location to visit when the
arms were first accessible, regardless of the time at which
handling occurred or the light onset change. Because the
doors opened immediately after the rats were handled, the
interval between handling and responding corresponded
to the interval associated with Location 1. Therefore, rats

timing an interval with respect to handling would be pre-
dicted to visit Location 1. Because the delay of colony lights
and the delay in handling the rats canceled out one an-
other, the interval between colony light onset and the op-
portunity to visit locations was identical to the amount of
time that ordinarily occurred prior to Time Zone 1. There-
fore, if the rats were timing with respect to light onset,
they would be predicted to visit Location 1.

Method
Subjects, Apparatus, and Data Analysis. The subjects, appa-

ratus, and data analysis were identical to those described in Experi-
ment 3A.

Procedure. The rats received 9 days of training before this ma-
nipulation. On the test day, light onset occurred 42 min later, rela-
tive to training days. The start time for each animal was 42 min later
than during the training days. The doors opened immediately after
the rat was placed in the central hub. In all other respects, the pro-
cedure was the same as that in Experiment 3A.

Results and Discussion
Figure 9D plots the proportion of visits at all locations

during probe testing. The proportion is largest at the loca-
tion associated with Time Zone 1. The time-of-day hypoth-
esis predicts Location 7, whereas Location 1 is predicted
by the handling onset interval, light onset interval, and
handling/door-opening hypotheses. These data were sub-
jected to an ANOVA with location as a repeated measure.
There was a significant effect of location [F(7,21) � 6.9,
p � .01]. There was also a significant difference between
Locations 1 and 7 [F(1,21) � 57.8, p � .01].

These data rule out a mechanism that uses time of day
as a cue. The data are consistent with the following mech-
anisms: timing an interval with respect to handling or light
onset and using handling/doors-opening as cues.

In conclusion, the results of Experiment 3 are consis-
tent with the handling/door-opening cue hypothesis. In
particular, the rats used the handling and/or the opening of
the doors as a cue to visit the first location. The results were
consistent with this hypothesis when this was dissociated
from the other hypotheses (Experiment 3B) and when the
handling/door cue hypothesis was not dissociated from
the other hypotheses (Experiments 3A, 3C, and 3D). In
contrast, no other hypothesis is able to account for all the
results of Experiments 3A–3D. These results suggest that
the rats visited Location 1 by discriminating handling/ doors-
opening cues at the start of the session. Next, they timed
successive 7-min intervals to visit each subsequent location.

GENERAL DISCUSSION

Rats were tested in a time–place task in an eight-arm
radial maze. The location of food availability changed every
7 min. The rats restricted the majority of their visits to the
locations that were active during the session (Figures 1
and 2). However, this pattern could be produced without
the rats having any knowledge of time or place. The rats
may have searched the maze until they found the location
that was currently providing food, stayed at that location



254 PIZZO AND CRYSTAL

until food was no longer available, and then searched
again to find the next location with food. However, if the
rats had no knowledge of time and place, they should have
searched randomly after leaving the previously active lo-
cation. There are six lines of evidence to suggest that the
rats had knowledge of time and place:

First, the rats anticipated the arrival of the next active
location (Figure 3) before food became available at that
location; the response rate at the next correct location in-
creased as the next time zone approached, before food be-
came available at that location. In contrast, the response
rate at other inactive locations was relatively low and flat.
These observations suggest that the rats were timing the
arrival of food at the next correct location. A rat with no
knowledge of time and place would not anticipate the ar-
rival of the next correct location.

Second, the interval being timed at the next active lo-
cation was identified. The superposition (i.e., analysis of
the width of the anticipation function at each location) in
time relative to 7 min, rather than in elapsing time (7,14,
21, . . . 49 min), suggests that the rats were timing succes-
sive 7-min intervals (Figure 4). A rat with no knowledge
of time and place would not time the interval.

Third, the rats anticipated the end of the currently active
location (Figure 5); the response rate at the currently ac-
tive location decreased as the end of the time zone ap-
proached, before food at the currently active location had
ended. This observation is consistent with the hypothesis
that the rats were timing successive 7-min intervals. A rat
with no knowledge of time and place would not anticipate
the end of the current time zone.

Fourth, at the start of a new time zone (i.e., before the
rat had obtained a nonfood cue at the previously active lo-
cation and before the animal had obtained a food cue at
the currently active location), the animals visited the cur-
rently active location at a rate that was higher than that for
visits to the forthcoming active and earlier active locations
(Figure 7). A rat with no knowledge of space and time
would be expected to visit these three types of locations at
the same rates.

Fifth, on nonrewarded probe tests (Experiment 2), the
rats visited the currently active location (in the absence of
food cues) more than they did forthcoming and earlier lo-
cations (Figure 8). A rat with no knowledge of space and
time would be expected to visit these three types of loca-
tions at the same rates.

And sixth, after the rats had left the previously active
location, they visited the next correct location at a rate higher
than would be expected by chance. The model of chance
assumed random selection of all arms except any arm that
was previously rewarded earlier in the session (i.e., work-
ing memory). A rat with no knowledge of space and time
would be expected to visit the next correct location at the
chance level. In contrast, the rats anticipated the next ac-
tive location, which suggests that they had knowledge of
the next active location prior to receiving a food cue.

Experiment 3 was conducted in order to identify the
mechanism that enabled the rats to complete the time–

place task. We identified four mechanisms that may have
been used to restrict visits to the temporally and spatially
correct locations: (1) The rats may have been timing the
interval since light onset in the colony, (2) the rats may
have timed the interval since being handled at the start of
the session, (3) the rats may have been using time of day,
and (4) the rats may have used handling/doors-opening as
a cue to go to the first location. These four mechanisms
were confounded during training conditions. In Experi-
ment 3, we systematically unconfounded each mechanism.
The handling/doors-opening hypothesis was consistent
with the results of all four tests in Experiments 3A–3D. It
was concluded that the rats were using the handling event
or the opening of the doors at the start of the session as a
cue to go to the first location.

We propose the following model of the rats’ behavior in
the time–place task. The rats used the handling event and/
or the opening of the doors as a cue to go to the first loca-
tion. Next, the rats timed successive 7-min intervals at
each active location. The rats were also sensitive to food
transition cues. In summary, the rats had a detailed repre-
sentation of time and place: The rats had knowledge of
where to start, where they had already received reward,
and where they need to go next, and they timed the inter-
val of reinforcement at each location.

The mechanism that is responsible for identifying the
next active location remains to be identified. One possi-
bility is that the rats have knowledge of the sequence of
active locations. Another possibility is that the rats use a
stimulus–response chain that enables them to get to the
next location from each previous location. There is no ev-
idence to support the proposal that the animals developed
an association between time of day and location.

This study differs from other time–place studies in sev-
eral ways. First, it increased the spatial demands of a time–
place task by including eight locations. Second, the time
of testing was carefully controlled, thereby making inter-
val and time-of-day cues available. Third, the magnitude
of anticipation was relatively small, as compared with other
time–place studies; small anticipatory changes reflected a
low error rate, suggesting that the rats checked the next ac-
tive location while minimizing the lost opportunity to ob-
tain food at the currently active location. And fourth, we
compared performance with a model of random behavior
to establish knowledge of time and place.

In conclusion, the results from the present study sug-
gest that the rats met the time–place contingency by using
an interval-timing mechanism. Although time of day was
a reliable cue, the rats did not use it. There are two potential
explanations for this outcome. First, 7 min may have been
too short an interval to support circadian time–place dis-
crimination. Intervals in the minutes range are compatible
with the use of an interval timer. Second, discriminating
between eight phases of a circadian oscillator may exceed
the limits of the circadian system. This limit may be based
on the number of phases that may be discriminated with a
circadian system or on the number of circadian oscillators
that may be entrained to each rewarded location.
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