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The effects of maze-arm length on performance
in the radial-arm maze
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Rats trained in a 16-arm radial maze with arms half the standard length demonstrated ex-
tremely low, but above chance, choice accuracy (Experiment 1). Rats trained in a 12-arm maze
with short arms demonstrated a substantially higher degree of adjacent-arm responding than
did rats trained in the same maze with long maze arms and, whenresponse stereotypy wasdis-
rupted by a forced-choice procedure, the short-armgroup chose less accurately-than-the long-arm
group (Experiment 2). In a 16-arm maze with 8 short arms and 8 long arms, there was a strong
preference for short arms and no evidence for a difference in the ability to discriminate previ-
ously visited arms from unvisited arms as a function of arm length, as measured by a two-
alternative forced-choice procedure (Experiment 3). These results are interpreted as indicating
that arm length affects a choice criterion, with a relatively lax criterion being applied toshorter
arms.

In the now familiar radial-arm maze task (Olton &
Samuelson, 1976), rats choose from among a number of
maze arms connected to a central platform in a radially
symmetric fashion, like the spokes of a wheel. Revisits
toarms constitute errors. Rats rapidly learn tochoose very
accurately, and avoid revisits by using some form of work-
ing memory to discriminate previously visited arms from
unvisited arms (Olton & Collison, 1979; Olton& Samuel-
son, 1976; Suzuki, Augerinos, & Black, 1980). Very high
choice accuracy has been obtained in mazes with up to
17 arms (Olton, Collison, & Werz, 1977), or even with
24 arms arranged in a hierarchical fashion (Roberts,
1979).

Perhaps the most salient aspect of rats’ performance in
the radial-arm maze is the resistance to treatments
designed to impair choice accuracy. Delays of up to
several hours have been interpolated during the choice
sequence that constituteseach trial with little or no effect
(Beatty & Shavalia, 1980). During such delays, subjects
have been given treatments such as sensory stimulation
(Maid, Brokofsky, & Berg, 1979), trials in other radial
mazes (Cook & Brown, 1985; Maki et al., 1979; Roberts,
1981), treatment with various drugs such as anesthetics
(Beatty & Shavalia, 1980) and amphetamines (Beatty &
Rush, 1983), and electroconvulsive shock (Maid, 1985;
Shavalia, Dodge, & Beatty, 1981). Although some of
these treatments significantly impair performance under
some conditions, in general they disrupt performance lit-
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tie, if at all. The fact that choice accuracy in the radial
maze is surprisingly impervious to so many such treat-
ments undoubtedly accounts, in part, for the intense in-
terest that this paradigm has received.

In the present series of experiments, a previously un-
explored factor that has profound effects on radial-maze
performance is introduced: the length of the maze arms.
Typical radial mazes consist of arms approximately 80 cm
in length. The present experiments include mazes with
arms 37 cm in length.

EXPERIMENT 1
LOW ACCURACY IN A MAZE

WITH SHORT ARMS

The first experiment was originally carried out for rea-
sons other than those with which this report is concerned.
It was designed to compare performance in a 16-armradial
maze with performance in a 12-arm maze. The 12-arm
maze consisted of the 16-arm maze with four arms made
inaccessible. Separate groups of rats were tested in these
two maze configurations, first using a free-choice pro-
cedure and then using a two-alternative forced-choice
(2AFC) procedure. The apparatus was constructed with
unusually short arms.

Method
Subjects. The subjects were 32 experimentally naive, male

Sprague-Dawley rats, approximately 4 months of age at thebegin-
ning of the experiment. They were maintained at 80%-85% of their
free-feeding weights by supplemental feeding following each ex-
perimental session. The subjects were housed in groups of 4 and
were transported in their home cages between the colony and ex-
perirnental rooms daily. Experimental sessions were conducteddur-
ing the dark phase of a 12:12 light:dark (LD) cycle.

Apparatus. The apparatus was a 16-arm radial maze constructed
of 1.5-cm-thick plywood and painted white. The central platform
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was 60 cm in diameter. The arms were 10 cm wide and 37 cm in
length, and extended from the central platform at equal angles. A
gold-colored tin-foil ashtray (“E-Z foil”; 6.0 cm in diameter and
1.0 cm deep) was attached to the end of each arm and served as
the food cup. Wails were attached to one sideof each arm to pre-
vent the subjects from jumping from arm to arm. The walls were
constructed of plywood (painted white), extended 19 cm from the
central platform at a height of 12.5 cm, and extended the remainder
of the length of each arm at a height of6 cm. The maze was elevated
60 cm above the floor of the room. The apparatus is illustrated in
the top panel of Figure 1.

The experiment was conducted in a 4.4 x 3.1 m room. There
was a bank of filing cabinets along one wall of the room, and addi-
tional cabinets and apparatus in the room. The room was illumi-
nated by two fluorescent tubes.

Free-choice procedure. The rats were randomly assigned to one
of two groups. Rats in the 16-arm group were run with free access
to all 16 arms of the maze. Rats in the 12-arm group were run with
access to four arms obstructed by wooden blocks constructed of
12.5-cm lengths of “2 x 4” (3.5 x 8.5 cm) painted black, which
were placed at the entrance of each blocked arm. The blocked arms
were separated from each other by three unblocked arms, and the
same set of arms was blocked for each subject in the 12-arm con-
dition.

During the initial five sessions, the subjects were shaped to ob-
tain food from the food cups. They were placed, in groups of 4,

on the maze with 45-mg sucrose pellets (BioServe, Inc.) scattered
on the central platform and on the 16 (or 12) arms. Over the course
of these five sessions, the number of pellets in the center of the
maze and on the arms was reduced. By the fifth session, pellets
were located only in the food cup.

Following these initial shaping sessions, the rats were run in-
dividually in the maze for one session per day. Prior to each ses-
sion, two pellets were placed in each food cup. The rat was then
placed in the central arena. A choice was defined by the rat pass-
ing the boundary between the taller and shorter sections of the wall
along the arm (i.e., 19 cm from the center arena). The rat was al-
lowed to choose arms until all 12 (or 16) arms had been visited,
until twice as many choices had been made as therewere arms (i.e.,
24 for the 12-arm group or 32 for the 16-arm group), or until 12 mm
had elapsed. The subjects were run using this free-choice proce-
dure for 60 sessions.

2AFC procedure. Following the completion of free-choice test-
ing, the rats were tested using a 2AFC procedure. Prior to each
trial, some of the maze arms were blocked using blocks that were
the same as those used to permanently block arms for the 12-arm
group, except that they were painted white. In the 12-arm group,
a randomly chosen set of 2, 4, 6, 8, or 10 arms was blocked on
each trial (in addition to the 4 arms that were permanently blocked
with the black blocks). In the 16-arm group, a randomly chosen
setof 2, 5, 8, 11, or 14 arms was blocked on each trial. This manipu-
lation of the point of delay interpolation (P01) was designed to con-
form to the procedure of Cook, Brown, and Riley (1985). The rat
was placed in the maze and allowed to make choices until every
unblocked arm had been visited. Itwas then removedfrom the maze
and placed in a holding cage for 15 mm. When this retention inter-
val had passed, all maze arms were blocked, except for one arm
that had been visited before the delay and one unvisited arm. These
arms were chosen randomly within the two categories with the con-
straint that they be either adjacent to each other or separated by
only one arm (including the permanently blocked arms in the case
of the 12-arm group). The rat was then placed in the maze and al-
lowed to visit one of these two arms, with a visit to the formerly
unvisited arm beingconsidered correct andreinforced by two pellets
in the food cup. The rat was then removed from the maze for ap-
proximately 5 sec while the first pair of test arms was blocked and
a second pair of test arms was unblocked. The members of this
second pair consisted of one visited and one unvisited arm, ran-
domly chosen with the same constraint used for the first test, and,
in addition, the constraint that they could not be the same arms used
in the first test. The rat was then allowed to visit one of the arms
in this second test pair. If a choice did not occur within 3 mm dur-
ing either of the tests, the rat was removed from the maze and the
session was terminated. Data from terminated sessions were not
included in the analyses reported below.

Sessions were conducted in blocks of five, with each P01 used
once per block. One session per day was run. A total of eight blocks
of sessions was conducted.

Results
Free-choice procedure. One rat in the 12-arm group

consistently jumped from arm to arm by climbing over
the walls separating the arms. Therefore, this rat was
dropped from the experimentand its data are not included.

To determine changes inperformance over the course
of free-choice testing, the data were divided into blocks
of 20 sessions each. The topand middlepanels of Figure 2
show the mean percentage of sessions that resulted in the
three possibleoutcomes: (1) successful completion [all 12
(or 16) arms visited], (2) removal following twice as many
choices as there were arms of the maze (24 for the 12-

Figure 1. Scale drawings of the radial-arm mazesused in Experi-
ment 1 (top panel), Experiment 2 (middle panel), and Experiment 3
(bottom panel). In the maze used in Experiment 2, foods cups were
located in one of the two locations indicated, depending on the ex-
periinental group.
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Figure 2. Mean probability of the three possible trial outcomes
over the course of the threeblocks of free-choice sessions in Experi-
ment 1 for the 12-arm group (top panel) and the 16-arm group (mid-
dle panel). The bottom panel shows the mean number of correct
choices out of the first 12 (or 16) choices over the course of blocks
for both groups.

arm group or 32 for the 16-arm group), and (3) removal
following 12 ruin in the maze in the 12- and 16-arm
groups, respectively. During the first block of sessions,
about half of the sessions were terminated after 24 (or
32) total choices were made. An analysis of variance
(ANOVA) was performed on the data from each group

to compare the proportion of sessions successfully com-
pleted as a function of block. These analyses revealed that
there was a significant improvement over the course of
blocks for both the 12-arm group [F(2,28) = 67.3,
p < .001] and the 16-arm group [F(2,30) = 19.0,
p < .001].

The bottom panel of Figure 2 shows the mean number
of correct choices out of the first 12 (12-arm group) or
16 (16-arm group). These means do not include sessions
during which the rat was removed after 12 mm had
elapsed. ANOVAs revealed that there was a significant
improvement over the course of blocks for both the 12-
arm group [F(2,28) = 33.5, p < .001] and the 16-arm
group [F(2,30) = 13.6, p < .001].

An analysis was done to quantify the turning magni-
tudes associated with choices. This was done to determine
the extent to which transitions from arm to arm were con-
sistent and stereotypic (Brown & Cook, 1986; Olton &
Samuelson, 1976; Suzuki et al., 1980). Each arm choice
(except for the first choice of each session) was classi-
fled according to the number of arms separating it from
the previously chosenarm. Forexample, choosing an arm
immediately adjacent to the previously chosen arm
resulted in a transition score of 1. In the case of the 12-
arm group, blocked arms were counted in determining
the transition score. That is, choosing an arm adjacent
to one side of a blocked arm following a choice to the
arm adjacent to the other side of the blockedarm resulted
in a transition score of 2.

The top panel of Figure 3 is a probability distribution
of the turning magnitudes of the rats in the two groups
during the last block of trials (i.e., Sessions 41-60). It
shows that approximately 50% of all choices made were
to an arm separated from the previously chosen ann by
one, whereas approximately 25% were to an adjacent arm.
Ifturning magnitudes were determined randomly, it would
be expected that 13.3% of all choices would have turn-
ing magnitudes of 1, 2, 3, 4, 5, 6, and 7, and 6.7% of
all choices would have a turning magnitude of 8.1

The bottom panel of Figure 3 shows the results of an
analysis designed to measure the extent of individual bi-
ases for particular turn magnitudes. For each rat during
each block of sessions, the modal turn magnitude was de-
termined and the percentage of turns of that magnitude
was calculated. Shown in the figure is the mean percent-
age of turns falling into the modal category as a function
of group and block. ANOVAs revealed that there was a
significant increase in this measure of turning-magnitude
bias in the 12-arm group [F(2,28) = 5.0, p < .05] and
a marginally significant decrease in turning bias in the
16-arm group [F(2,30) = 2.8, .1 > p > .05].

Forced-choice procedure. Two rats (one from each
group) were eliminated from the experiment during 2AFC
testing because they consistently failed to make test
choices within 3 mm.

Preliminary data analyses failed to produce any evi-
dence that choice accuracy changed over the course of
blocks. Therefore, a meanpercentage of correct choices
was calculated for each rat at each level of P01, collaps-
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Figure 3. Top panel: Distribution of turning magnitudes during
the last block of free-choice sessions in Experiment 1. Bottom panel:
Mean percentage of turns of the subject-specific modal turn mag-
nitude over the course of the three blocks of sessions.

ing over blocks. Figure 4 shows the mean percentage of
correct choices for the various conditions of the experi-
ment. ANOVAs were conducted separately on the data
of the 12- and 16-arm groups to determine if there was
an effect of POT. In the case of the 12-arm group, there
was a marginally significant effect of P01 [F(4,56) =

2.35, .05 < p < .10]. No evidence of an effect of P01
was obtained in the case of the 16-arm group [F(4,52)
= 1.68]. A second analysis was conducted to determine
if choice-accuracy levels were significantly different from
that expected on the basis of chance (50%). The overall
mean level of choice accuracy was determined for each
rat and these values were compared to chance using t tests.
Choice accuracy was significantly different from chance
for both the 12-anngroup [t(13) = 6.44, p < .001] and
the 16-ann group [t(14) = 2.73, p < .01].

20

Discussion
Although there was clear evidence of an improvement

in choice accuracy over the course of free-choice testing,
the levels of accuracy obtained contrasted sharply with
those obtained in previous radial-maze experiments. Data
from the 12-arm group of the present experiment are
somewhat difficult to compare with those of other experi-
ments because of the unusual technique of blocking four
arms of a 16-armmaze to form a 12-arm maze. However,
the results from the 16-ann group can be compared with
those of several previous investigations. Forexample, 01-
ton et al. (1977) found that rats made an average of 14.5
correct choices outof the first 17 choices ina 17-armmaze
during Training Sessions 21-30. In an unpublished ex-
periment from this laboratory, 15 rats in a 16-ann maze
with standard-length arms made a mean of 15.3 correct
choices in the first 16 choices during Sessions 31—40 of
free-choice training (Brown, 1987). In sharp contrast, rats
in the 16-arm group of the present experiment made a
mean of 12.7 correct choices in the first 16 choices dur-
ing Sessions 21—40. Furthermore, the failure of rats to
complete the maze after twice as many choices as there
were arms in the maze on a substantial number of trials
is unprecedented.

In agreement with a number of previous findings (e.g.,
Brown & Cook, 1986; Dale & Innis, 1986; Foreman,
1985; Olton et al., 1977), the rats in the present experi-
ment exhibited some degree of stereotypy in their choice
behavior. The majority of choices made in both groups
were to arms either adjacent to, or separated by a single
arm from, the previous choice. Previous experiments have
shown that even rats exhibiting marked consistency in
turning magnitude sometimes demonstrate high levels of
choice accuracy when procedures are introduced to pre-
vent such biases (Dale & Innis, 1986; Oltonet al., 1977).
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The results of the 2AFC tests allow assessment of the
ability to discriminate visited and unvisited arms when
response stereotypy is prevented. Choice accuracy in the
2AFC procedure was significantly above that predicted
on the basis of chance. However, it was substantially
lower than that found in earlier experiments using simi-
lar test procedures. For example, Roberts and Smythe
(1979) obtained 2AFC choice-accuracy levels of about
90% inan eight-annradial maze. More directly compara-
ble to the presentdata are those of Cooket al. (1985, Ex-
periment 4), who used a procedure very similar to the
present one and rats with a similar experimental history.
They obtained choice-accuracy levels of approximately
90%. Thus, although the rats in the present experiment
performed at above-chance levels, choice accuracy was
quite low relative to a large body of previous data.

EXPERIMENT 2
MANIPULATION OF MAZE-ARM LENGTH

IN A 12-ARM MAZE

Although the most salient differencebetween previously
reported experiments using the radial maze and the ex-
periment reported above is maze-arm length, clearly a
direct comparison between performance in a maze with
short and long arms is necessary to determine whether
maze-arm length does, in fact, affect performance in the
radial maze. In the present experiment, the choice be-
havior of two groups of naive rats, one trained in a maze
with food cups at the ends of 80-cm-long arms and one
trained in the same maze, but with the food cups 37 cm
from the central arena of the maze, was compared. This
allowed the performance of rats ina standard radial-arm
maze to be directly compared with the performance of
rats that ran only halfway down the 80-cm arms to obtain
food.

Method
Subjects. The subjects were 20 male Sprague-Dawley rats ob-

tained from the same source and maintained in the same manner
as the rats used in Experiment 1. They had previously participated
in an experiment involving taste preferences, but were otherwise
naive. They were approximately 6 months old whenthe experiment
began.

Apparatus. The apparatus was a radial maze identical to that used
in Experiment 1, with the following exceptions. First, the maze
had 12 arms. Second, the arms were 80 cm in length. Third, a me-
tal wall surrounded the central platform. A hole, 7.5 cm in diameter
and centered 5.5 cm above the maze surface, allowed access to each
arm. Metal doors in sliding tracks could be used to control access
to each armusing a string-and-pulley system. Finally, the wooden
wallsmounted on one sideofeach ann were 25 cm long and 13 cm
high. This apparatus is illustrated in the middle panel of Figure 1.

The experiment was conducted in a room immediately adjacent
to the room used in Experiment 1. It was similar in most respects
to the room used in the earlier experiment, and measured 4.3 x
3.8 m. The room was illuminated by a bank of four fluorescent
tubes.

Procedure. The rats were randomly assigned to two groups with
the constraint that there be 10 subjects in each group. Throughout
the experiment, the food cups were located at the distal ends of

the arms for rats in the long-arm group and 37 cm from the central
arena for rats in the short-arm group. The rats were first shaped
to enter the arms of the maze using the same procedure described
above for Experiment 1.

Following shaping, 30 free-choice sessions were carried out. The
doors to all 12 arms were open during these sessions. Two 45-mg
sucrose pellets were placed in each food cup. Each session con-
sisted of a rat beingplaced in the central arena and allowed to make
choicesuntil all 12 arms had been visited, 24 choiceshad beenmade,
or 10 mm hadelapsed. A choice was defined by the rat’s nose cross-
ing the plane defined by the end of the barrier mounted on the side
of each arm. It should be noted that the rats in the short-arm condi-
tion never ventured beyond the food cups.

The rats were then tested using a forced-choiceproceduredesigned
to disrupt any response biases. At the beginning of each trial, the
rat was placed in a fully baited maze with all 12 arms closed. After
approximately 5 5cc, the door to a single arm was opened. While
the rat visited the first arm, the door to a second arm was opened.
During the rat’s visit to the second arm, the door to the first arm
was closed and the door to a third arm was opened. This process
was continued until the rat had visited a setof six randomly chosen
arms. After its sixth arm visit, the rat was removed and placed in
a holding cage for 15 mm. During each rat’s delay, other rats were
run in the maze. Following the delay, the rat was placed in the maze
with all 12 doors open, and only thosenot visited prior to the delay
were baited. The rat was allowed to visit arms until all six baited
arms had been visited or 10 mm elapsed. Trials were conducted
using this procedure until each rat had successfully completed 10
trials (visited all six baited arms following the delay).

Results and Discussion
Free-choice trials. Data from the last 10 free-choice

sessions are presented. Both groups attained high levels
of choice accuracy. The rats in the short-armgroup made
a mean of 11.4 correct choices out of first 12 arm visits,
whereas the rats in the long-arm group made a mean of
11.1 correct choices out of the first 12. These values do
not differ [t( 18) = .95]. Clearly, the expectation based
on the results of Experiment 1—that subjects in the short-
arm condition would perform poorly—was not confirmed.

An examination of the distributions of turning magni-
tudes in the two groups makes it clear, however, that the
high level of choice accuracy in the short-armgroup does
not necessarily indicate an ability to discriminate previ-
ously visited and unvisited arms. These turn-magnitude
distributions are shown in the top panel of Figure 5. The
rats in the short-arm group chose an adjacent arm with
a significantly higher probability than did the rats in the
long-arm group [t(18) = 5.57, p < .001].

The high probability of an adjacent-arm response in the
short-arm group renders the high level of choice accuracy
obtained difficult to interpret. The adjacent-arm response
produces errorless performance independent of any abil-
ity todiscriminate visited and unvisited arms: The rat sim-
ply visits adjacent arms until it has visited each arm in
turn. Therefore, the high levels of choice accuracy at-
tamed by the rats in the short-arm group may not be de-
pendent on working memory. The rats in the long-arm
group, on the other hand, were not biased to choose ad-
jacent arms. Therefore, the high levels of accuracy at-
tained by this group cannot be explained in terms of turn
magnitudes. Thus, only the rats in the long-arm group
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of the present experimentappeared tobe accurately choos-
ing arms on the basis of working memory.

In support of the hypothesis that the high level of choice
accuracy attained by the short-arm group was the result
of response stereotypy, there was a strong correlation be-
tweenchoice accuracy and the proportion of adjacent-arm
responses among the rats in the short-arm group (Spear-
man’s ~ = .933, p < .001). This correlation was not
present among the rats in the long-arm group (Q = .433).

Forced-choice trials. In the forced-choice procedure,
the first six choices are, by design, alwayscorrect. There-
fore, the number of choices required to complete the
maze, rather than the number of correct choices out of
the first 12, will be reported. Rats in the short- and long-
arm groups required a mean of 15.6 and 13.45 choices,
respectively, to complete the maze. These values were
significantly different [t(18) = 3.90, p < .001]. Thus,

when the first six arms were chosen randomly, the rats
in the long-arm condition were able to avoid subsequent
revisits to those arms much more successfully than were
the rats in the short-arm condition.

The bottom panel of Figure 5 shows the mean distri-
bution of turn magnitudes for choices that occurred fol-
lowing the delay. As in the free-choice phase, the rats
in the short-arm condition were much more biased to
choose an arm adjacent to the previous choice than were
the rats in the long-arm condition [t(18) = 4.92,
p < .001]. Thus, the bias to visit adjacent arms demon-
strated by the rats in the short-armcondition persisted even
when it resulted in a substantial number of errors. This
is quite different from the results of previously reported
experiments in which rats continued toexhibit high levels
of choice accuracy when stereotypic response patterns
were disrupted (Dale & Innis, 1986; Olton et al., 1977).

EXPERIMENT 3
PERFORMANCE IN A 16-ARM MAZE

WITH SHORT AND LONG ARMS

The previous experiments show that performance in the
radial-arm maze is strongly affected by the length of the
maze arms. Relative to standard-length arms, short arms
result in lower levels of accuracy and/or higher levels of
response stereotypy.

The final experiment is an initial attempt tounderstand
the mechanism producing these phenomena. Two classes
ofexplanations for the effects of maze-arm length can be
distinguished. The first attributes poor choice accuracy
and/or response stereotypy to relatively poor working
memory for short arms. That is, rats do notencode, store,
and/or retrieve information that would allow the discrimi-
nation ofpreviously visited and unvisited short arms. Dis-
crimination ability might be diminished by the relatively
smaller distance between the ends of the arms in mazes
with shorter arms (thereby rendering the cues associated
with the arms more similar in the short-arm maze), or
perhaps by the fact that the wall separating the arms ex-
tended to the end ofthe arms (Experiment 1) or relatively
close to the end of arms (Experiment 2) in the short-arm
mazesused in these experiments. This might havereduced
access to extramaze cues, which hasbeen shown to reduce
choice accuracy and increase response stereotypy (Innis
& Macgihivray, 1987; Mazmanian & Roberts, 1983).

A second class of explanations points to nonmemorial
processes that result in a relatively lax choice criterion
for short arms. Rats may visit short arms for reasons that
are independent of the quality of memory. Brown,
Wheeler, and Riley (1989) recently introduced choice-
criterion effects as an explanation for choice behavior in
the radial-arm maze. They provided evidence that the
choice criterionused by rats ismore strict during choices
made late in each trial than it is for choices made early.
In addition, they argued that the criterion that determines
whether an arm is visited (as opposed to continuing to
investigate arms in the central arena) can and does in-
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fluence choice accuracy. In the present situation, the
lowered levels of choice accuracy, as well as the higher
levels of response stereotypy, could be explained as the
result of a relatively lax criterion for visits to short arms
as opposed to long arms.

The present experiment was designed to contrast these
two classes of theories by using a 16-arm maze witheight
short arms and eight long arms. With this apparatus,
choices of long and short arms could be directly com-
pared. A single group of rats was trained to perform in
the maze, and their choice behaviorwas examined under
both a free-choice procedure and a 2AFC testing
procedure.

One critical issue addressed by this experiment was the
extent to which initial (correct) visits to short arms would
occur prior to initial visits to long arms in the free-choice
procedure. A bias to visit short arms prior tovisits to long
arms in the free-choice procedure is predicted if there is
a lowercriterion for visiting short arms than long arms.
A theory that attributes the results of Experiments 1 and
2 to differences in memory quality for short and long
arms, on the other hand, would predict a higher proba-
bility ofrevisits to short arms than to long arms, butwould
not predict a tendency for initial visits to be directed
toward short arms.

As a further test of the role of memory, rats were given
2AFC tests following the free-choice sessions. These tests
provided the subject with either a choice between two
short arms or a choice between two long arms. If a differ-
ence in the efficacy of working memory for long and short
arms exists, then superior performance would be expected
in the case of long-arm tests. The prediction of a crite-
rion based theory is somewhat ambiguous. Although
2AFC tests have traditionally been used in part to rule
out effects of choice criteria and bias, Brown et al. (1989)
have pointed out that in the radial maze, rats are free to
evaluate the two alternatives ad lib, as determined by the
choice criterion. Because of this, choice accuracy in a
2AFC test could be affected by choice criterion.

Method
Subjects. Nine male rats from the same source and maintained

in the same manner as the rats in the previous experiments served
as subjects. They had earlier served in an experiment involving taste-
preference learning, but were otherwise experimentally naive. They
were approximately 6 months old at the onset of the present ex-
periment.

Apparatus. The apparatus was the same 16-arm radial mazeused
in Experiment 1, modified in that eight randomly selected arms were
lengthened to 80 cm by attaching plywood extensions to the short
arms. Food cups were mounted at the ends of the arms. The long
arms differed from the short arms not only in length, but also in
that they were painted flat black. This apparatus is illustrated in
the bottom panel of Figure 1.

Procedure. During the first five sessions of exposure to the maze,
the shaping proceduredescribed above forExperiment 1 was used.

Following shaping, theratswere given20 sessions of free-choice
testing. Prior to each session, two pellets were placed in each food
cup. The rat was placed in the center of the maze and allowed to
choose arms until each armhad beenvisited once, 31 choices had
been made, or 10 mm had elapsed.

The rats were then given 15 sessions of 2AFC testing. Prior to
each session, access to a randomly determined set of eight arms
was obstructed using the same blocks used in Experiment 1. Two
pellets were placed in the food cup of each unblocked arm. The
rat was then placed in the center of the maze and allowed to visit
arms until all eight unblocked arms had beenvisited. The rat was
then removed from the maze and placed in an individual holding
cage for 15 mm. Upon its return to the maze, all arms except two
were blocked. One unblocked arm had not been visited prior to
thedelay andwasbaited with two pellets. Theother unblocked arm
had been visited prior to the delay and was unbaited. The rat was
allowed to choose one of the two arms, or was removed from the
maze if 10 mm elapsed without a choice. The rat was then removed
from the maze for approximately 5 sec while the first set of two
arms was blocked and a second set of two arms (one previously
unvisited andone previously visited; both different than the arms
used in the first test) was unblocked. The rat was then allowed to
chooseone of thearms from this secondset. Within each test pair,
thearms were of the same length. Thus, each 2AFC test consisted
of either achoice betweentwo short arms or a choice between two
long arms.

Results and Discussion
Free-choice tests. The top panel of Figure 6 shows the

mean probabilities of visiting short and long arms as a
function of choice number during the 20 free-choice ses-
sions. These probabilities sum to 1 prior to the 17th
choice, but are shown separately to depict the probabil-
ity and nature of late choices. An ANOVA was used to
determine if the probability of choosing a short arm
changed over the course of the first 16 choices. This anal-
ysis revealed a significant effect of choice number
[F(15,120) = 5.75, p < .001], due to a relatively
stronger tendency for early (and therefore virtually always
correct) choicesto be directed to short arms. This shows
clearly that there is a bias to visit short arms, indepen-
dent of any difference in the ability todiscriminate previ-
ously visited and unvisited arms as a function of arm
length.

A second question to be asked of these data is whether
revisits to short arms were more likely to occur than
revisits to long arms. This analysis is complicated by the
fact that most early visits were to short arms. A differ-
ence in the probability of revisits to short and long arms
might be produced by the fact that more opportunities for
short-arm revisits occurred by virtue of short arms hav-
ing been visited earlier in the choice sequence. To un-
confound the effects of arm length and ordinal position
of choice on the probability of revisits, the probability
of revisiting arms was calculated as a function of the or-
dinal position of the initial visit to that arm among the
set of initial arm visits. The mean values for the 20 free-
choice sessions are shown separately for revisits to long
and short arms in the bottom panel of Figure 6. It should
be noted that the values shown for long arms in the first
few ordinal positions arebased on very small ns. Despite
this, it is quite clear that revisits to short arms were much
more likely than revisits to long arms independently of
the ordinal position of the initial visit to that arm. This
was confirmed by an ordinal position X arm length
ANOVA performed on the means for individual subjects.
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Figure 6. Top panel: Mean probability of visits to short and long
arms as a function ofchoice number in Experiment 3. Bottom panel:
Mean probability of one or more revisit(s) to each arm as a func-
tion of the ordinal position of the initial visit to that arm among the
set of initial choices.

This analysis revealed an effect of ordinal position
[F(14,112) = l6.5,p < .001] (which can be attributed
simply to the decrease in opportunities to make errors as
a function of the ordinal position of the initial choice) and
an effect of arm length [F(1,8) = 83.9, p < .001]. In
addition, there was a marginally significant interaction be-
tween these variables [F(14,112) = l.76,p = .054]. The
important result is that the rats were more likely to err
by revisiting short arms than by revisiting long arms. This
result could be explained either by poorer memory for
short-arm visits than for long-arm visits or by a relatively
lax choice criterion for short arms. That is, the effect of
arm length on the probability of a revisit can be explained

as resulting from the same mechanism that produced the
effect of arm length on initial visits.

It is important to note that although there was a higher
probability of revisits to short arms than to long arms,
rates of revisits to long arms were also higher than would
be expected on the basis of previous data. The reason for
this apparent effect of the presence of short arms on
revisits to long arms is not clear. It may be that there is
some critical aspect of the structure of standard radial-
arm mazes that is disrupted by the use ofdifferent-length
arms within the same maze. Alternatively, it may be that
a lax choice criterion applied to short arms partially trans-
ferred to the long arms.

A tendency for particular arms or classes of arms to
be visited early in the choice sequence has been previ-
ously reported (Batson, Best, Phillips, Patel, & Gilleland,
1986; Melcer & Timberlake, 1985). These preferences
for certain arms have been produced by differences in the
value of the reward associated with arms. The present
finding extends the range of factors producing such ef-
fects to maze-arm length. Whether the subjects in the
present experiment discriminated short arms from long
arms on the basis of perception of the distance to the food
cup, the brightness of the arm surface, the location of the
arm, or some other cue cannot be determined from the
present data.

2AFC tests. The mean percentage of correct choices
in the 2AFC tests with short arms was 65.8%, which was
significantly greater than the chance level of 50% [t(8)
= 3.30, p < .01]. The mean percentage of correct
choices in tests with long arms was 72.2%, which was
also significantly greater than chance [t(8) = 3.34,
p < .01]. However, these two values did not differ sig-
nificantly from each other [t(8) = 1.02]. Thus, the 2AFC
tests provide no evidence that there is a difference in the
ability to discriminate previously visited and unvisited
arms as a function of arm length.

As was the case in Experiment 1, the level of accuracy
obtained in these 2AFC tests was substantially lower than
that obtained in previously reported experiments (Cook
et al., 1985). That this was true both in the case of short-
arm tests and in the case of long-arm tests may reflect
a global effect of the presence of short arms on choice
accuracy. In any case, the lack of a difference between
accuracy inshort-arm tests and accuracy in long-arm tests
should be interpreted with some caution, given that rela-
tively low levels of accuracy were obtained in the long-
arm tests.

GENERAL DISCUSSION

These experiments introduce a relatively simple
manipulation that has profound effects on spatial behavior.
In the context of numerous reports of failure to disrupt
choice behavior in the radial-arm maze with much more
forceful treatments (e.g., Beatty & Shavalia, 1980;
Roberts, 1981), the robust effects produced by simply
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reducing the length of the maze arms by half are quite
surprising. They underscore the need to determine more
precisely the necessary and sufficient conditions for ob-
taining the high levels of choice accuracy that are typi-
cally found in this important experimental procedure.

Two distinct effects of arm length were apparent. In
Experiments 1 and 3, and in the forced-choice phase of
Experiment 2, short arms resulted in poor choice ac-
curacy. In the free-choice phase of Experiment 2, short
arms resulted in a very pronounced adjacent-arm response
bias, which apparently accounted for the high level of
choice accuracy that was obtained among the short-arm
group. That the adjacent-arm response was responsible
for high choice accuracy among the short-arm group is
shown by the results of the forced-choice phase of Ex-
periment 2, in which response stereotypy was disrupted,
resulting in low choice accuracy among the short-arm
group relative to the long-arm group. In addition, there
was a strong tendency for higher levels of choice accuracy
to be associated with higher levels of adjacent-arm
responding among rats trained in the short-arm maze.

The present experiments do not allow a determination
of why high levels of adjacent-arm responding occurred
in Experiment 2, but not in Experiment 1. One reason-
able possibility is the difference in distance between the
arms and/or the turn angles required in the mazes used
in the experiments. In the 16-arm maze used in Experi-
ments 1 and 3, a sharper turn angle (22.50) is required
for an adjacent-arm response than is required in the 12-
arm maze used in Experiment 2 (30°).It may be that this
aspect of maze structure encouraged adjacent-arm
responses in the 12-arm maze, but not in the 16-armmaze.
The idea that turn angle may be important indetermining
the distribution of turn magnitudes has previously been
suggested to explain the data of Yoerg and Kaniil (1982),
who found that a difference in the size of the central arena
in an eight-arm maze produced differences in response
stereotypy (Bond; Olton; cited in Yoerg & Kamil, 1982).

Several lines of evidence from the present experiment
show that although control of choice behavior by work-
ing memory was severely reduced by the use of short
arms, it was not eliminated. First, choice accuracy im-
provedsubstantially over the course of the free-choiceses-
sions of Experiment 1. Although this improvement might
be attributed to the changes in response stereotypy shown
in the bottom panel of Figure 3, given that these changes
were in opposite directions for the 12- and 16-arm groups,
it seems more reasonable toattribute the improvement in
accuracy to an increase in the use of discrimination abil-
ity. A second line of evidence that some level of discrimi-
nation ability remained when short maze arms were used
comes from the 2AFC data of Experiments 1 and 3.
Although accuracy levels in those tests were relatively
low, they were significantly above chance.

The mechanism producing the effects of maze-arm
length is suggested by the results of Experiment 3, which
was designed to contrast two classes of explanations:
(1) that short arms lower the ability to discriminate previ-

ously visited and unvisitedarms, and (2) that a relatively
lax choice criterion is applied to short arms. Two results
from that experiment support the latter possibility. First,
as predicted by the criterion-difference theory, there was
a very strong bias for initial visits to be directed to short
arms. Second, when given a choice between two short
arms, rats chose the correct (previously unvisited) arm
at a level of accuracy that did not differ significantly from
accuracy in choosing between two long arms. This find-
ing contradicts the theory that visits to longarms are bet-
ter remembered than visits to short arms.

A lax choice criterion could explain the low levels of
choice accuracy obtained in Experiments 1 and 3 and
among the short-armgroup in the forced-choice phase of
Experiment 2. Brown et al. (1989) described in detail how
differences in choice criterion can affect choice accuracy.
In addition, it is quite reasonable to hypothesize that when
choice behavior is not under the control of working
memory, it is likely to be stereotyped, as it clearly was
in Experiment 2. Thus, the most parsimonious interpre-
tation of the present data, taken as a whole, is that short
arms in the radial maze result in a lax choice criterion,
which results in a reduction, but not elimination, of the
control of choice behaviorby working memory anda con-
comitant increase in the control of choice behavior by
response stereotypy.

A relatively lax choice criterionmay have resulted from
any of several aspectsof short maze arms. First, less time
is required to reach the food cup following the choice of
a short arm than following the choice of a long arm,
thereby reducing the delay to reinforcement, a variable
that is known to affect choice behavior (e.g., see Fan-
tino, 1981). Second, less effort is required for a visit in
the case of short arms. Thus, the energetic cost of arm
visits is reduced. Cost/benefit analyses of choice behavior
(e.g., Collier, 1982) would predict an increased tendency
to visit arms under such conditions. Finally, casual ob-
servation of the early phases of training in the radialmaze
suggests that a certain amount of fear is associated with
arm visits (presumably because of the elevation of the
arms), and this would be reduced when arms are short-
ened. Which of these factors affect the choice criterion
remains to be determined.
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NOTE

I. In this and all analyses of turning-magnitude distributions, expected
frequencies are based on the fact that there are two arms separated by
each turning magnitude except for the largest magnitude. The analyses
ignore returns to the arm just visited (magnitude = 0), which virtually
never occurred.
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