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In Experiment 1, hamsters started from their permanent home at the periphery of a circular
arena and headed to a food source at the center. They then returned, fully laden with food, along
a direct path to their home. On control trials, in which no manipulation takes place, visual cues
outside the arena and dead reckoning (i.e., updated internal references generated during the out
ward journey to the food source) controlled the return journey. On experimental trials, the arena,
with the hamster in its nest, was rotated by 90°, putting dead reckoning at variance with the
distal visual environment. The animals were rewarded for going with dead reckoning. At first,
they favored the distal cues, but later most of the subjects switched to using dead reckoning.
Thus, hamsters are flexible enough to recalibrate the relative weight that they normally attrib
ute to different sets of spatial cues. In Experiment 2, the reliance on dead reckoning was greatly
enhanced when a cue card at the nest entrance was rotated along with the arena, pitting one
proximal cue plus dead reckoning against distal cues. Hence, dead reckoning and external cues
seem to reinforce each other through their mutual correlation.

Myomorph rodents may use a variety of different spa
tial cues to navigate within a familiar environment, de
pending on the availability of stimuli from the proximal
or distant environment (for a summary of behavioral and
neuropsychological literature, see Leonard & McNaugh
ton, 1990; O'Keefe & Nadel 1978; Olton, 1979; Olton,
1990; Restle, 1956). In the absence of adequate external
information, the subject may rely entirely on self
generated signals originating from antecedent locomotion.
This category of spatial information corresponds either
to the long-term storage of a fixed sequence of response
related (re)afferences (Watson, 1907) or to dead reckon
ing. In the latter case, the subjects continuously update
internal signals that derive from the angular and linear
components of their locomotion; through this process of
path "integration" (Mittelstaedt & Mittelstaedt, 1982),
they remain constantly informed on their location with
respect to a fixed point of reference, whence they started
to generate and update path-dependent information. Dead
reckoning may therefore play an important role in spa
tial orientation (Gallistel, 1990)-in particular, in hom
ing, when the animal has to return to the very point in
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space from which it has initiated its excursion away from
"home" (Etienne, 1992).

If we assume that, during locomotion, dead reckoning
always takes place through the automatic activation of an
internal navigation system (O'Keefe & Nadel, 1978), its
outcome must interact with external spatial cues that the
subject encounters while proceeding through familiar
space. Dead reckoning depends both on peripheral (and
maybe central) feedback information from locomotion and
on vestibular signals. Since vestibular information is
caused by inertial forces, dead reckoning is measured with
respect to a fixed earthbound coordinate system and must
therefore correlate with prominent stable features in the
known environment. Obviously, the spatial relevance of
these features can be enhanced through their correlation
with positional information deriving from dead reckoning.

Our general study concerns the control exerted by dif
ferent categories of spatial information on short-distance
homing in the golden hamster during food hoarding. In
our standard test conditions, the animal proceeds from
its nest (at the arena periphery) to a food source (at the
arena center) and then returns, fully laden with food, along
a fairly direct path to its nest. If we rotate the arena (and
nest box) before the beginning of a particular hoarding
excursion so that the subjects have to start the outward
journey to the food source from an unusual point at the
arena periphery, the animals' subsequent homing direc
tion depends on the visual test conditions.

Under infrared light, the subjects return to the new an
gular position of the nest-that is, to the very point in
absolute space from which they initiated the outward jour
ney. Within certain limits, the direct return to the starting
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point of each hoarding excursion occurs independently of
the particular path that the subject followed to reach the
feeding place during the outward journey (Etienne, Maurer,
& Saucy, 1988). Convergent results from different exper
iments suggest that the homing direction is not based on
(rotated) cues from within the arena but depends on the
updating of the outward journey through the process of
dead reckoning. Inour experimental conditions, this pro
cess is initiated at the nest exit and therefore does not take
into account vestibular information originating from the
initial rotation of the nest box. Furthermore, it does not
occur with respect to a reference from the environment
but is carried out on purely self-generated (i.e., mainly pro
prioceptive and vestibular) signals.

When the same experiment takes place under ordinary
roomlights, the hamsters' homing path is mainly directed
toward the usual or standard angular position of the nest.
Now, stable visual cues from outside the arena, which the
animal has previously associated with the standard nest
direction (or location), playa predominant role. At the
same time, however, the return trips are slightly deviated
toward the new, rotated position of the nest and therefore
express the concomitant influenceof dead reckoning, which
always occurs (Teroni, Portenier, & Etienne, 1987).

The research that is presented in this paper originated
from the observation that in the above-mentioned conflict
situation between dead reckoning and distant visual cues,
the influence of dead reckoning may be strengthened
through the presentation of a conspicuous cue card within
the arena. During the experimental trials, this proximal
cue is rotated with the arena (and nest) and therefore al
ways remains correlated with dead reckoning. Further
more, both dead reckoning and the intramaze cue lead
the animal to its goal-the nest entrance. In these condi
tions, hamsters seem to learn easily to return toward the
new, rotated position of the nest, despite the strong im
pact of distant visual cues. The question therefore arose
whether the same learning process can also take place
when the hamsters cannot rely on a distinctive cue within
the arena. So far, our results had excluded this possibil
ity, most likely for reasons linked to our experimental
technique (Teroni et al., 1987). We therefore changed the
experimental protocol and trained the animals during a
prolonged period of time to rely on dead reckoning rather
than on distal visual cues-that is, to change the order
of priority that they normally give to different classes of
spatial information.

This paper is organized in the following manner:
1. Learning experiments in which the animals had to

recalibrate the relative influence of extramaze cues and
dead reckoning without being aided by an intramaze cue
are presented first.

2. We then describe experiments that involved the pre
sentation of a conspicuous intramaze card around the nest
entrance.

3. In former experiments, the same intramaze cue had
been presented either around the nest entrance, or at an
angular distance of 90° from it; the results of these ex-
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periments are summarized and compared with those of
Experiment 2.

The results of the present experiments are discussed
with respect to the interaction between dead reckoning
and distal or proximal visual cues, to the animals' capac
ity to change their relative dependence on these cues, and
to the literature on the spatial significance of extramaze
and intramaze cues.

EXPERIMENT I
Learning to Rely on Dead Reckoning
Rather Than on Distal Visual Cues

In previous experiments that took place under ordinary
roomlight, involving a 90° rotation of the arena, the arena
and nest box were rotated back into their usual position
as soon as the subject had reached the arena periphery
during the return journey from the feeding place at the
center. Thus, in all trials, the animal ended up by finding
the nest entrance at the expected location by means of dis
tant visual configurations. Under these conditions, the an
imals did not change their homing behavior and continued
to rely mainly on the distant visual environment to home
throughout the test period, which generally involved 20
control (no rotation) and 20 experimental (10 clockwise
and 10 counterclockwise rotations) trials (Teroni et al.,
1987). We examined, therefore, whether hamsters may
learn to give priority to dead reckoning rather than to distal
visual cues if the arena is left in its new, rotated position
until the animals have found the nest entrance. In these
conditions, dead reckoning leads the animals home,
whereas the distant visual environment leads them astray.

Method
Subjects. The subjects were 12 golden hamsters (Mesocricetus

auratus W.), all adult females, that had been bred in our labora
tory. In general, the subjects had been used during a limited time
span in a former experiment that involved the same experimental
arena but a different visual background. Each animal was there
fore introduced into the experimental arena at least 5 days before
the beginning of the experiment. It lived there alone throughout
the period during which it was tested. The hamsters were kept under
an artificial light cycle (dark phase: 4:30 p.m. to 4:30 a.m., or
6:45 p.m. to 6:45 a.m.) and tested at the beginning of the dark phase.
Since the experiments took place under ordinary roomlights, the
light phase was extended during the late afternoons or early even
ings in which the experiment took place. The subjects were fed ad lib
with a variety of different food items.

Apparatus. The experimental arena is depicted in Figure I. A
nest box was attached to the arena wall at a constant position with
respect to geographic north when the arena was in its standard po
sition (i.e., when it was not rotated). The subject established its
granary within the nest box. Between the test sessions, the animal
could move freely between the nest and the arena by pushing a cir
cular door at the nest entrance. For reasons of symmetry, II other
doors were evenly spaced around the arena periphery.

The arena was located in a large experimental room (8.5 x 4.5
x 3.2 m), which provided the subjects with a variety of asymmetri
cal extramaze cues. Along its long axis, the experimental room con
tained a second arena, which was surrounded by a white enclosure.
The walls next to the arena differed in their brightness-two of them
had a door, and the third one had two (sealed) windows. The ceil-
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Figure 1. Apparatus and procedures. Each subject lived alone in
the experimental arena (r: 110 cm; height of peripheral wall: 30 em),
The nest box (35 x 17 x 10 em) was attached to the outer wall of
the arena and is shown here in its standard position (0°) to the right.
By pushing a small circular door hinged at the top (see small ar
row), the animal passed back and forth between the nest and the
arena. The floor of the arena was covered by a thick layer of saw
dust, which was stirred at regular intervals. The subjects' paths on
the arena floor were coded with respect to thirty-six 10° sectors
(center line of Sector 1 = 0°) and to six annular zones of 15-cm
width. The complete hoarding trips were recorded by a video cam
era placed above the center of the arena. In Experiment 2, a white
plastic sheet subtending a 30° arc was attached to the black arena
wall around the nest entrance. During the experimental trials, the
arena (and nest box) was rotated 90° (clockwiseor counterclockwise)
from its standard position (see large arrows around arena) before
the subject had left the nest. In all of the trials, the reference direc
tion (0°) points to the standard location of the nest entrance.

ing, too, was (asymmetrically) patterned by two rows of fluores
cent lights and a rail system on which the video camera could be
displaced along the long axis of the room.

Procedure. Only I hamster was tested during a particular pe
riod in one of the two arenas that were used throughout in these
experiments. Thus, all animals had the same view of the environ
ment from outside the arena. Before the beginning of the experi
ments, the subjects were induced to hoard food from within the
arena and to bring it back to their nest box. Only those subjects
that established their granary within the nest box and, because of
an intense motivation for hoarding, immediately started to pouch
food items at the feeding place (and therefore did not wander about
in the arena upon their arrival at the food source), were retained
for the experiment. Furthermore, during preliminary tests as well
as during the entire experimental period, the animals had to direct
their return journeys toward the (usual) nest site as long as the arena
had not been rotated, despite the fact that nothing hindered the ham
sters from returning home along an indirect path. From a total num
ber of 12 subjects that had been introduced into the experimental
arena, 4 animals did not fulfill the initial test conditions, and two
other animals became disoriented in the control trials of the ex
perimental training period. Let us mention here that in all of our
experiments that test homing behavior in the hoarding situation,
a considerable proportion of hamsters have to be discarded during
the preliminary test phase because the test conditions are extremely
demanding.

One hoarding trip represented the fundamental unit of our ex
periments: During the outward journey, the subject was either led
(by tapping a stick along the path) or went spontaneously from its
nest exit to a food source (hazelnuts) at the center of the arena.
There it filled its cheek pouches, generally by turning around the
food heap. Fully laden with food, the animals returned along a direct
route to the arena periphery, where they found the nest entrance
either immediately or after searching around the wall of the arena.

During the daily test sessions, the animals underwent one or two
series of eight trials. The intertrial interval varied between 30 and
60 sec. The control trials lasted 25-55 sec, with interindividual dif
ferences depending mainly on the duration of the outward journey
and on the rhythm of food pouching and intraindividual variations
deriving rather from the search for the nest entrance at the periph
ery of the arena. Until the subjects had reached the learning crite
rion, the experimental trials lasted longer than the control trials,
with the subjects starting to search for the nest entrance in its stan
dard angular position and therefore taking more time to find it in
its new position (see the Results section). In the four control trials
of each series, the arena was left in its standard 0 ° position. In the
experimental trials, the arena (and nest box) was rotated clockwise
or counterclockwise by 90° before the animal had left the nest exit.
Thus, the subject approached the arena center from a different start
ing point in absolute space. During the subject's return, the arena
was left in its new, rotated position either until the animal had found
the nest entrance or for a maximum interval of 3 min after the sub
ject had reached the arena periphery. Thereafter, the arena was ro
tated back into its standard position.

Six different test series were determined. In all series, there was
a regular alternation between the control and experimental trials.
In contrast, the clockwise and counterclockwise experimental trials
followed each other according to a particular pseudorandom se
quence in each series.

Before each experimental series of eight trials, the sawdust on
the arena was stirred and flattened out again in order to eliminate
olfactory and tactile trails. Since static distant odors do not allow
a subject to orient itself menotactically, the animals were not ex
pected to use olfactory cues originating from the nest or from mark
ings around the peripheral wall of the arena before they reached
the peripheral annular zone. Acoustical and geomagnetic cues did
not seem to influence the animals' homing behavior in our testing
condition and therefore were not altered (Etienne, Maurer, Saucy,
& Teroni, 1986).

One experimenter remained within the experimental room
throughout each test series. The experimenter's role was to rotate
the arena back and forth, to release the subject from its nest at the
beginning of a hoarding excursion, and to lead it, if necessary, to
the food source. In successive trials, the experimenter changed his
or her position at the arena periphery. As soon as the animal had
approached the food source in each particular trial, the experimenter
hid behind the arena wall.

The hoarding excursions of the subjects were filmed by a video
camera that was moved along a rail above the arena center at the
beginning of each experimental session. To code the return path
from the center to the periphery of the arena, the floor of the arena
was subdivided in 10° sectors (see Figure I), with the center line
of Sector I at 0° and the sectors numbered clockwise from I to
36. These subdivisions were also superimposed on the video screen.
For each return, we noted in which 10° sector each subject crossed
in succession the six concentric circles on the arena floor. Since
the subjects proceeded in a fairly straight line from the center to
the periphery of the arena, the results are presented with respect
to only the final orientation of the animals-that is, at the moment
when they crossed the largest concentric circle (at a distance of
15 ern from the arena wall) and thus entered the peripheral annu
lar zone of the arena. To see whether the orientation and position
of the animal just before it started a particular return path influ
enced the homing direction, we noted in which 10° sector the sub-
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Figure 2. Return directions during the first two trials in Experi
ment 1. During the control trial, the arena remained in position (0°,
circles at left); during the experimental trial, the arena and nest box
were rotated clockwise (+90°, circles at right). In the small circles
on top, the arrows indicate the theoretical homing directions the an
imal would follow if it relied on distal visual cues (DV) or on dead
reckoning (DR). In the large circles, the dots indicate in which 10°
sector each subject entered the peripheral annular zoneof the arena
in the first control trial and in the first experimental trial. The vec
tors represent the mean homing direction of 6 subjects; the num
bers within the circles indicate the deviation of the vector from the
0° reference direction and the vector length (maximum vector
length = 1 = radius). Both vectors are significant (first-order sta
tistics, p < .01; Rayleigh test) and do not differ from each other.
The position of the nest box is indicated by the small rectangle.

fore relied on associations between distal room cues and
the standard nest location. Four of them, however, also
showed a clockwise bias, so that the mean homing direc
tion was slightly deviated toward the actual, rotated po
sition of the nest, from which the subjects had started the
outward journey to the food source. This bias expresses
the concomitant influence of dead reckoning, which is al
ways at work.

During the entire training period-that is, for a total
of 120 experimental trials-2 of the above-mentioned sub
jects did not learn to return toward the 90° sector cen
tered on the rotated nest entrance (see Figure 3). Subject I
showed compromise behavior and a few full compensa
tions for (counterclockwise) rotations of the arena between
Test Series 17 and 21, but thereafter headed mainly
toward the standard position of the nest. Subject 2 showed
many inversions (i.e., counterclockwise compensation of
a clockwise nest rotation and vice versa), and ended up
by returning in all trials in a counterclockwise direction
with respect to the standard nest location.

Thus, only 4 out of the 6 subjects that could be main
tained during the entire experimental period reached the

Results and Discussion
Our 6 subjects behaved as expected during the first ex

perimental trial, which involved a clockwise rotation of
the arena (see Figure 2): They returned mainly in the 0°
reference direction toward the arena periphery and there-

ject was located when it pouched the last items at the center of the
arena before initiating the homing path. We also measured the time
the animal took to reach the nest entrance from the food source
at the arena center.

In the evaluation of the experimental trials, we assumed that if
the animal entered the peripheral annular zone of the arena in a
90° sector centered on 0°, it had relied predominantly on visual
configurations from outside the arena. Correspondingly, we assumed
that the subject had reached the criterion for depending on dead
reckoning when it reached the peripheral annular zone in a 90° sector
with a center line of either +90° (clockwise rotation) or 270°
(counterclockwise rotation of arena). This means that in order to
satisfy the criterion for returning toward the rotated nest, the sub
ject had to reach the arena periphery in Sectors 6 to 14 during clock
wise rotations, and in Sectors 24 to 32 during counterclockwise
rotations. In Figures 3, 4, and 8, these critical limits, as well as
the angular position of the rotated nest entrance, are indicated by
long-dashed lines.

We decided that the animals had attained the learning criterion
for returning toward the new position of the nest when, during all
experimental trials of two successive test series-that is, during eight
consecutive experimental trials altogether-they returned toward
the 90° sector that was centered on the rotated nest box. In the text,
we often refer to the moment when a subject reached the learning
criterion by mentioning only the number of the first of these two
consecutive test series. Thus, a subject that started to return dur
ing Test Series 8 and 9 in all experimental trials to the 90° sector
that was centered on the nest box is said to have reached the learn
ing criterion during Test Series 8, or after 32 experimental trials.

As in all our experiments that tested the homing direction, test
ing was interrupted and the subjects were discarded if they did not
(or did no longer) direct their return journey toward the nest box
in the control situation, when the arena was left in place. It must
be stressed that in our experimental conditions, the subjects were
completely unrestrained and could return from the center to the pe
riphery of the arena along any direction; they always reached the
nest entrance by exploring the peripheral arena wall.

Statistics. Circular statistics (Batsehelet, 198I, and personal com
munication, August 24, 1979) were used to evaluate the homing
directions during the very first control and experimental trials of
Experiments I and 2 and during the last two test series, in which
the subjects had reached the learning criterion. The Rayleigh first
order test was used to determine if the subjects were significantly
oriented during the first control and the first experimental trial of
a given experiment (see solid vectors on Figures 2 and 7) and if
a particular subject yielded a significant mean direction during
repeated trials within particular test conditions (see full arrowheads
on Figures 5 and 9). The Wheeler-Watson first-order test was used
to compare significant first-order vectors that had been obtained
in two different test situations.

Moore's test was used to determine whether the mean direction
from particular subjects which were tested repeatedly in the same
test situation yielded a significant second-order vector (see large
open vectors on Figures 5 and 9).

Nonparametric statistics (Siegel, 1956) were chosen to compare
data that did not directly concern the choice of particular homing
directions. The Mann-Whitney Utest was applied to compare data
from the two different experimental groups tested in Experiments I
and 2. The results that were obtained from the same subjects in
different test situations of Experiments I and 2 were compared by
means of the Wilcoxon matched-pairs signed-ranks test.
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Figure 3. The negative results of the animals' learning to return to the rotated nest in Experi
ment 1. The two graphs describe the orientation of 2 subjects (1 and 2) that did not reach the learn
ing criterion. The abscissae represent the number of the experimental series, each of which included
two trials with a clockwise rotation and two trials with a counterclockwise rotation of the arena
and nest box. The ordinates indicate the number of the 10° sector (in fixed space) in which the
animal reached the peripheral annular zone of the arena during clockwise (crosses) or counter
clockwise (diamonds) rotations of the arena. The center line of Sector 1 is 00, and the sectors are
numbered clockwise from 1 to 36. The long-dashed lines define the relevant limit (upper line: Sec
tor 6 for clockwise rotations; lower line: Sector 32 for counterclockwise rotations) of the region
in which the animal must reach the arena periphery in order to satisfy the criterion for returning
toward the rotated nest. The short-dashed lines indicate the angular position of the rotated nest
entrance. Symbols near the 00 line indicate that the subject returned toward the standard location
of the nest. Symbols near the long-dashed lines indicate that the subject performed a compromise
between the return toward the former and the actual positions of the nest. Symbols near the short
dashed lines indicate that the subject returned toward the new position of the nest. If the animal
reached the arena periphery in the same 100 sector during the two trials with a clockwise (counter
clockwise) rotation during the same test series, only one cross (diamond) is represented. The arrow
next to a diamond on Graph 2 indicates that the animal reached the arena periphery beyond Sector 25.

learning criterion. This was the case after a mean num
ber of 16.8 test series or of 67.2 experimental trials
(range: 44-108 trials). As is shown by Figure 4, the suc
cessful animals produced rather irregular learning curves.
Before reaching the learning criterion, SUbject 2 showed
mainly compromise reactions during a number of test se
ries. Subject 3 performed many inversions (see above).
Subject 4 learned sooner and more thoroughly to compen
sate for counterclockwise than for clockwise rotations.
Nevertheless, during the attainment of the learning crite
rion, Subjects I and 3 returned in all final trials clearly
toward the (rotated) nest entrance, and Subjects 2 and 4
went well beyond compromise behavior. Thus, most of
the first-order vectors point toward the nest in Figure 5,
and the second-order vectors express only a weak bias,
which is still due to the impact of the distant visual en
vironment. From a statistical viewpoint, the learning cri-

terion implies by itself that the final distribution of the
homing directions in the two (clockwise and counterclock
wise) types of experimental trials is quite distinct from
the distribution of the return directions during the con
trol trials. Furthermore, the homing directions of the 4
subjects during the first experimental (clockwise) trial
differ significantly from their homing directions in the last
clockwise experimental trial (first-order statistics, p <
.01; Wheeler-Watson test).

We do not know whether the learning criterion would
have been maintained during additional test series. Only
Subject 1 was submitted to further testing after having
reached the learning criterion during Series 11 and 12.
It regressed during Series 13 and 15 and reached the learn
ing criterion for the second time during Series 16 and 17.

As is shown by Figure 6, a decrease in the duration of
the return journey took place already after the first test
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Figure 4. The positive results of the animals' learning to return to the rotated nest in Experi
ment 1. The four graphs describe the orientation of 4 subjects (1-4) that reached the learning
criterion. The arrow beneath a diamond on Graph 3 indicates that the animal reached the arena
periphery beyond Sector 13. For further explanations. see the caption of Figure 3.
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Figure 5. Return directions during attainment of the learning criterion in Experiment 1. During
the control trials, the arena remained in position (0°, circles at left); during the experimental trials,
the arena and nest box were rotated clockwise (+90°, circles at center) or counterclockwise (-90°,
circles at right). On the large circles, the large open vector represents the mean homing direction
of 4 subjects during eight control and four experimental trials (second-order statistics, P < .005;
Moore's test). The numbers within the circles indicate the deviation of this vector from the 0° refer
ence direction and the vector length. On the two circles to the right, each full arrowhead represents
the mean homing direction of one subject dUring four experimental trials (first-order statistics, p <
.01; Rayleigh test). Maximum vector length = 1 = radius. For further explanations, see the caption
of Figure 2.

series, before a systematic change in the homing direc
tion could be observed. In fact, this initial decrease in the
animals' return time was due mainly to the improvement
of their search strategy for the nest entrance along the
arena border. The return times decreased to a low final
level when the animals returned directly from the arena
center toward the rotated nest entrance.

In summary, 4 of the 6 animals that satisfied the ex
perimental criteria (direct return during control trials)·
learned to return toward the rotated nest location during
8 consecutive experimental trials. These subjects reached
the learning criterion after 44 to 108 experimental trials.
Thus, our golden hamsters were flexible enough to free
themselves from the influence of distant visual cues and
to rely mainly on dead reckoning; however, this learning
process involved considerable difficulties.

EXPERIMENT 2
Correlating Dead Reckoning

With a Proximal Cue

As already mentioned, the learning experiments of this
research originated from preliminary test conditions in
which the arena contained a conspicuous intramaze cue.
This situation was reproduced in new experiments that
are described here. In contrast to Experiment 1, a large
white cue card surrounded the nest entrance on the black
arena wall throughout the testing period of Experiment 2.

When the arena was rotated, this conspicuous proximal
cue underwent the same displacement as did the nest box
and therefore always remained correlated with dead reck
oning. Furthermore, the (location-based) cue card as well
as (route-based) dead reckoning led the animal regularly
back to its goal, the nest entrance. Learning to return to
the actual, rotated nest entrance could therefore be en
hanced by the conjoint influence of dead reckoning and
the intramaze cue, both of which were set in conflict with
the unrotated distant visual environment.

This section presents mainly recent data that have been
obtained in experimental conditions identical to those of
Experiment 1, except for the continuous presentation of
the cue-card on the internal arena wall. A final paragraph
is devoted to "superexperimental" trials, in which the cue
card was either removed or no longer superimposed on
the nest entrance, so that dead reckoning and the proximal
visual cue yielded different directional information. Re
sults from former experiments, which involved a similar
proximal cue card but were not carried out according to
strictly thesame procedures are reported under Supplemen
tary Experiments.

Method
Subjects. The females that were tested in Experiment 2 were of

the same age group, had a comparable experience with former test
situations, and were maintained in the same conditions as those of
Experiment 1. They were tested in alternation with the subjects of
Experiment 1.
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Figure 7. Return directions during the first two trials in Experi
ment 2. In the small circles on top, the arrows indicate the theoret
ical homing directions the animal would follow if it relied on distal
visual cues (DV), on the proximal cue card around the nest entrance
(PV), or on dead reckoning (DR). In the large circles, the dots indi
cate in which 10° sector each subject entered the peripheral annu
lar zone of the arena in the first control and in the first experimen
tal trial. The vectors represent the mean homing direction of 6
subjects (first-order statistics, p < .01; Rayleigh test). The control
and experimental vectors do Dot differ from each other. For fur
ther explanations, see the caption of Figure 2.

....

Results and Discussion
During the first experimental trial (clockwise rotation

of arena), all but I subject appeared to deviate clockwise
from the standard nest location (see Figure 7). The com
parison between the direction and lengths of the ex
perimental vectors on Figures 2 and 7 seems to indicate
that the subjects deviated more from the 0° reference
direction and showed a greater variance in their homing
behavior in Experiment 2 than in Experiment I. Thus,
for untrained animals, the combination of the proximal
cue card and dead reckoning seemed to exert a stronger
effect on homing than did dead reckoning alone. How
ever, the difference between the homing behavior in Ex
periments I and 2 is not significant. The hamsters returned
mainly toward the usual nest location and therefore gave
priority to distal visual cues, with or without the presen
tation of the proximal cue.

Figure 8 shows that half of the animals (Subjects I, 2,
and 5) started to return toward the 90° sector centered
on the rotated nest entrance even during Experimental Se
ries I. The consolidation of this tendency occured rapidly
for Subjects I and 2, whereas Subject 5 compensated for

@v--
DR ....

PV

series

Figure 6. Return times at beginning and end of training in Ex
periment 1. The histograms represent the mean duration of the
return paths performed by 4 subjects during the experimental trials
of the first two and the last two test series. Each test series included
four experimental trials.

Apparatus. The animals lived and were tested in the same arena
as that of Experiment I. In contrast to Experiment I, however, a
conspicuous intramaze cue surrounded the nest entrance. The cue
consisted of a white plastic rectangle, which subtended 30° on the
(black) arena wall and was of the same height as the wall.

Procedures. The subjects were selected as in Experiment I be
fore the beginning of the test period. Out of 16 animals that had
been introduced into the arena, 9 had to be eliminated because they
did not fulfill the necessary test conditions. One additional animal
was discarded because it became disoriented during the control trials
of the test period.

The test period was subdivided in three phases. (I) The subjects
were tested according to the same procedures as were the subjects
of Experiment I until they had reached the learning criterion (i.e.,
until they returned regularly toward the 90° sector that was cen
tered on the actual position of the nest entrance during two succes
sive test series including 8 experimental trials altogether); (2) to
consolidate the learning process, the animals underwent three fur
ther test series including 12 experimental trials altogether; and
(3) thereafter, they were subjected to six test series, each of which
included an additional control trial and a final "superexperirnen
tal" trial. The latter involved not only the 90° rotation of the arena
but also a dissociation between the white cue card and the nest en
trance (see Figure II). This dissociation occurred according to three
distinct modalities: (a) Before the clockwise (counterclockwise) ro
tation of the arena, the cue card was displaced by 90° clockwise
(counterclockwise). Thus, after the rotation of the arena, the nest
entrance deviated by 90°, and the cue card by 18<t from the stan
dard position of the nest entrance. (b) The cue card was removed
before the beginning of the trial. (c) The cue card was displaced
by 180° from its usual position around the nest entrance; after a
clockwise (counterclockwise) rotation of the arena, the angular po
sition of the card deviated counterclockwise (clockwise) by 90° from
the standard location of the nest entrance. Each subject was tested
twice in each condition, with the arena rotated clockwise or counter
clockwise. As hamsters may become confused and show erratic hom
ing behavior when exposed to strongly conflicting spatial cues, care
was taken to submit the subjects to only one test series which con
tained one final superexperimental trial during a particular test ses
sion. The order in which the hamsters were presented with each
category of superexperimental conditions followed the order of their
description above.
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Figure 8. Learning to return to the rotated nest in Experiment 2. Each graph describes the orientation
of 1 subject (numbers 1-6) during successivetest series. For further explanations, see the caption of FJgUre 3.

all clockwise rotations of the arena insufficiently during
the following 5 test series and reached the learning crite
rion during Experimental Series 8 and 9. The other 3 sub
jects (3. 4, and 6) started to return toward the rotated nest
entrance during Test Series 2 or 4 but thereafter continued
to show both occasional undercompensations of the arena
rotation and a few inversions.

All 6 subjects reached the learning criterion after a mean
number of 6 training series, that is, 24 experimental trials
(range: 8-36 trials). During attainment of the learning cri
terion (see Figure 9), the second-order vectors, which rep
resent the mean direction of the whole experimental group,
show almost no bias toward the 0° reference direction.
Again, the subjects reduced rapidly the duration of their
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PV

Figure 9. Return directions during attainment of the learning criterion in Experiment 2. On the large
circles. the large open vector represents the mean homing direction of 6 subjects during eight control
and during four experimental trials (second-order statistics, p < .001; Moore's test). On the two circles
to the right, each full arrowhead represents the mean homing direction of 1subject during four experimen
tal trials (first-order statistics, p < .01; Rayleightest). For further explanations, see the caption of Figure S.

return journey, both because of improved correction
maneuvers along the arena wall and changes in the initial
homing direction (see Figure 10).

During the consolidation period, in which each subject
underwent three additional test series, the animals failed
to compensate for the nest rotation correctly in only 3 out
of a total number of 72 experimental trials. This means
that, in general, the subjects returned to the rotated nest
throughout five consecutive test series, including a total
of 20 experimental trials.

On the whole, the comparison between the data from
Experiments 1 and 2, which were obtained in identicalcon
ditions except for the presence of the proximal cue card,
yields the following differences: (1) Whereas only 4 out
of 6 subjects reached the learning criterion in Experi
ment I, this was the case for all 6 subjectsofExperiment 2;
(2) in Experiment 2, the learning criterion was reached sig
nificantly sooner than in Experiment 1 (U = 0, n. = 4,
nl = 6, p < .005; Mann-Whitney U test); and (3) at the
beginning of the training period, the return times were sig
nificantly shorter in Experiment 2 than in Experiment I
(first test series, U = 2, p < .02; second test series,
U = 0, p < .005).

A final step in the experiments with the cue card around
the nest entrance consisted in removing the cue card or
establishing a threefold dissocation between the spatial in
formation originating from distal room cues, the cue card,
and dead reckoning. After they reached the learning cri
terion and performed in a number of consolidation trials,
the 6 subjects of Experiment 2 underwent 2 trials of each

of the three types of superexperimental tests (see Fig
ure 11). In dissociation procedure a (90° rotation of
arena and 180° rotation of cue card with respect to the
0° reference direction), the subjects returned mainly
toward the (rotated) nest entrance or at least toward the
90° sector centered on the nest entrance (8 trials), and
in a minority of trials returned toward the 90° sector cen
tered on the cue card (2 trials). In procedure b, the arena

series

Figure 10. Return times at the beginning and end of training in
Experiment 2. The histograms represent the mean duration of the
return paths performed by 6 subjects during the experimental trials
of the first two and the last two test series. There is a significant
difference between the mean return times in the first two and the
last two test series (Wilcoxonmatched-pairs signed-ranks test: n = 6,
t = 0, P < .05). .
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Figure 11. Return directions during the superexperimental trials in Experiment 2. The columns a, b, and c

refer to the three types of superexperimental trials. The circles on the upper Oower) part of the figure refer to
trials after a clockwise (counterclockwise) rotation of the arena and nest box. The arrows on the small circles
represent the theoretical homing directions that the subjects would follow if they relied on distal visual cues (DV),
on the proximal cue card (PV), or on dead reckoning (DR). The 30° arc inside the large circles of columns a
and c indicate the cue card on the arena wall. On the large circles, the dots indicate in which 10° sector each
subject entered the peripheral annular zone of the arena during one superexperimental trial.

was rotated by 90°, and the cue card was removed. In
this situation, the great majority of return journeys oc
curred toward the actual, rotated nest (11 trials), with one
return toward the standard nest location. Finally, in pro
cedure c, the arena and cue card were rotated (by 90°)
in opposite directions with respect to the 0° reference
direction, so that the nest entrance and the cue card were
located opposite to each other. Now, an equal number of
return paths were directed toward the nest (6 trials) and
toward the cue card (6 trials).

The coding of the animals' position and orientation be
fore they initiated the homing path at the arena center
showed that in all cases in which the subjects aimed their
return directly at the cue card, they were facing the card
before their departure. Systematic tendencies in the ani
mals' orientation before they started to return toward the
actual or standard nest location were not observed.

In summary, Experiment 2 shows that hamsters easily
learned to return consistently to the rotated nest position

when the nest entrance was marked by a conspicuous cue
card. The animals that had learned to return toward the
rotated nest in these conditions maintained this behavior
when the cue card was removed. In dissociation experi
ments in which dead reckoning, proximal, and distal visual
cues yielded three different homing directions, the ani
mals relied mainly on dead reckoning (return to the ro
tated nest), less frequently on the cue card (return toward
the card), and only very seldom on distal visual room cues
(return to standard nest position). On the whole, it seems,
therefore, that the proximal cue card, which remained al
ways correlated with dead reckoning and thus with the
nest, significantly helped the animals to detach themselves
from the influence of distant visual cues.

SUPPLEMENTARY EXPERIMENT 2

Experiment 2 was preceded by earlier tests. During
three distinct test periods, three groups of hamsters had



been trained according to procedures very similar to those
in Experiment 2, with the cue card around the nest en
trance. For a fourth experimental group, the cue card was
no longer superimposed on the nest entrance but located
at an angular distance of 90 0 from it. The results of these
original tests agree with the main data of Experiment 2
and will be summarized briefly.

Method
Subjects. The four above-mentioned experimental groups in

cluded 4 subjects each. These subjects differed among themselves
and from the subjects of Experiments I and 2 in the amount of
former test experience.

Procedures. The training conditions differed from those of Ex
periment 2 with respect to the following points: (I) During the ex
perimental trials, the rotated arena was not left in its new position
until the subject had reached the nest entrance (or for a maximal
time span of 3 min), but was rotated back to its standard position
shortly after the subject had reached the arena periphery; (2) the
original arena had a higher peripheral wall (the upper border was
61 cm above the room floor) than did the arena used in Experi
ments I and 2, and the white cue card (30 0 width) again covered
the whole height of the wall; and (3) the return paths of the ani
mals were coded with respect to twelve 300 sectors (instead of thirty
six 100 sectors). Two of these initial experimental groups (a total
of 8 subjects) were submitted to superexperimental trials of Type a
(the cue card is at an angular position of 1800

, and the nest en
trance is at a position of 90 0 from the usual nest location).

One further group of 4 subjects was trained according to the same
procedures, with a cue card located 90 0 counterclockwise from the
nest entrance. These subjects were not submitted to superexperimen
tal trials.

Results and Discussion
In the very first experimental trial of the supplemen

tary experiments, our former subjects showed the same
behavior pattern as did the subjects in Experiment 2
that is, they showed compromise behavior, heading mainly
toward the standard nest location, but also showing a direc
tional bias toward the new nest location. Thereafter, in gen
eral, the animals learned slightlymore slowly than did those
in Experiment 2 and reached the learning criterion after
a mean number of 33.7 (range: 8-60) experimental trials.
The greater number of trials that some of the subjects
needed to give priority to the combination of dead reck
oning and the intramaze cue, in contrast to the Subjects
of Experiment 2, can be explained by the main difference
in the training procedures: According to our initial proce
dures, the arena remained in its new, rotated position for
a relatively short time, so the animals had not necessarily
reached the nest entrance before it was rotated back to its
standard position. In Experiment 2, on the contrary, most
of the subjects had reentered the nest entrance before its
standard position was reinstated.

Two of our initial experimental groups (a total of 8 sub
jects) were also submitted to consolidation and superex
perimental (Type a) trials after having reached the learn
ing criterion. During the superexperimental trials, the
subjects of one group returned almost always toward the
(rotated) nest. In contrast, the animals from another group
returned to the white cue card (four trials) as well as to
the nest (three trials).
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Finally, one group of subjects was tested according to
our initial procedures, with a cue card that was positioned
at an angular distance of 90 0 (counterclockwise) from the
nest entrance. The subjects of this group reached the learn
ing criterion after 4, 52, 60, and 116 experimental trials
(mean: 58 trials). Thus, the fact that the intramaze cue was
no longer superimposed on the nest entrance, and there
fore could not guide the subjects directly to their goal,
lengthened the learning period, albeit not significantly so.

On the whole, these data confirm the results of Experi
ment 2 and show that through their association, dead reck
oning and the cue card always gain priority over distal
room cues, even if the cue card no longer designates the
goal directly.

GENERAL DISCUSSION

The strong impact that distal visual configurations ex
ert on the homing directions of our subjects before the
beginning of training (see Figure 2) has been noted in the
literature on spatial orientation in rodents and other spe
cies. These cues are normally associated with stable fea
tures of the general environment; therefore, in laboratory
conditions, distal configurations may also be associated with
the general shape of the test room (Cheng, 1986; Margulis
& Gallistel, 1988). Dead reckoning, on the other hand,
depends at least partially on inertial signals and therefore
informs the organism of changes in its location and head
ing with respect to absolute space. Since the structure of
the test room usually does not vary in relation to absolute
space, distal visual configurations and dead reckoning tend
to remain correlated. In our experimental conditions, how
ever, this correlation was broken by letting the subjects
initiate path integration at an unusual place, apparently
without their knowledge. The spontaneous preference that
hamsters show in these conditions for distal visual config
urations may be explained by differences in the reliability
and stability of route- and location-based information: Dead
reckoning is open to cumulative errors and its outcome is
stored in short-term memory, whereas associationsbetween
stable visual landmarks and locations or directions are
stored on a long-term basis and can always be controlled
through visual feedback (Etienne, 1987).

Let us not forget, however, that in our test conditions
the influence of dead reckoning always remained notice
able, whatever the impact of the visual scenario. Thus,
in Figure 2, only 2 out of 6 subjects returned precisely
to the former location of the nest entrance, whereas the
mean homing direction of the whole experimental group
expressed a (slight) compromise between dead reckon
ing and the distant visual environment. Compromise direc
tions have often been observed in our research and reflect
simultaneously the relative weight of each source of in
formation and the degree of conflict that derives from un
correlated spatial information (Etienne, Teroni, Hurni,
& Portenier, 1990).

In the light of our former data (see, e.g., Teroni et al.,
1987), the result that most of our subjects learned not only
to increase the compromise between different sets of cues,
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but also to invert the priority of visual location-based over
internal route-based references (see Figures 4, 5, and 6)
was rather unexpected. It shows that hamsters are capable
of changing the order of importance that they normally give
to certain classes of spatial information. On the other hand,
2 out of 6 hamsters that fulfJlled the training conditions
failed to reach the learning criterion in Experiment 1 (see
Figure 3). One of these animals did not free herself from
the impact of the distant visual environment, and the other
ended up with a constant directional bias. Furthermore,
we may question whether the subjects that had learned to
depend on dead reckoning after a mean number of 67 ex
perimental trials would have maintained the learning cri
terion over a more extended test period (see p. 270). Thus,
Experiment 1 imposed on our subjects changes in the spon
taneous preference for certain references that seemed to
approach the limits of their flexibility in the choice of rel
evant spatial information.

According to an alternative explanation of the learning
process that took place in Experiment 1, the subjects could
have used visual route-based information to return to the
rotated nest-instead ofrelying on internal signals as they
do in darkness, the animals might have learned, for in
stance, that during their return to the arena periphery, they
must invert the relationship between the axis of their
progression and certain room cues that they have observed
during the outward journey to the food source. Thus, if
they moved toward a set of cues during the outward jour
ney to the center of the arena, they have to move away
from these cues during the return to the periphery. How
ever, former experiments that tested the hamsters' readi
ness to use visual references in this manner speak against
this hypothesis-hamsters that were presented with a
directional visual reference during the outward journey
to the feeding place did not seem to use this reference
in a route-based manner to return to their nest (Etienne
et al., 1990).

Furthermore, the observation of "inversions" (i.e.,
compensations of the arena rotation that occurred in the
wrong direction) may seem to not fit in readily with our
interpretation that the subjects learned to rely on dead
reckoning rather than on distal room cues: To return to
the nest, the hamsters may have learned to walk away
from certain visual landmarks, independently of the pre
ceding outward journey. This hypothesis may explain the
consistent directional bias shown by 1 subject that failed
to reach the learning criterion (see Subject 2 in Figure 3),
as well as phases in the learning process in which all ex
perimental returns deviated in the same sense from the
0° reference direction (see Subject 3 on Figure 4). With
out making additional assumptions, however, we cannot
explain along these lines how successful learners were able
to chose three different homing directions during the con
trol and experimental trials.

Experiment 2 yielded significantly more positive results
than did Experiment 1. Even during the first experimen
tal trial, the proximal cue card that was rotated with the
arena and nest box reinforced the role of dead reckoning
and therefore increased the compromise between the usual

and actual direction of the nest entrance (see Figure 7).
During training, the subjects of Experiment 2 quickly
started to compensate for the arena rotation and reached
the learning criterion after a mean number of 24 experimen
tal trials (see Figures 8, 9, and 10). Similar results are re
ported under the heading of Supplementary Experiment:
In former experiments with 12 subjects, all of the animals
learned to ignore distant room cues despite the fact that
the arena was not left in its new position until they had
reached the (rotated) nest entrance.

The effect of the conspicuous card was especially pro
nounced when it designated the nest entrance and there
fore acted as a beacon. However, the cue card also
enhanced the learning process of 4 subjects when it was
located at an angular distance of 90° from the nest entrance
(see p. 277). The importance of nearby, conspicuous land
marks for relocating specific places has been described for
a number of hymenopteran insects (Cheng, Collet, Pick
hard, & Wehner, 1987; also see Wehner, 1981), fish (War
burton, 1990), birds (Cheng, 1989; also see Sherry, 1984),
and rodents (Collett, Cartwright, & Smith, 1986; Mack
intosh, 1973).

During the final dissociation trials (a and c) of Experi
ment 2, in which dead reckoning, and distal and prox
imal visual cues indicated three different homing direc
tions, the animals depended mainly on dead reckoning,
less often on the proximal cue card and rarely on the dis
tal visual environment (see Figure 11). It seems, there
fore, that under conflicting visual conditions, and through
its prior association with the proximal cue card, dead reck
oning became the main criterion for homing. This was
also suggested by the fact that the subjects had to face
the card before their departure at the arena center in order
to return toward it and that they did not always aim their
approach directly at the card. Furthermore, the hamsters
persisted in returning to the rotated nest when the cue card
had been removed. However, we did not carry out com
plementary test trials by maintaining the cue card and jam
ming dead reckoning, a measure that can be achieved by
rotating the subject on a horizontal platform at the end
of the outward journey (Etienne, Maurer, & Saucy, 1988;
Etienne et al., 1990). In these conditions the animals prob
ably would have directed their return path toward the cue
card, whatever its position. The dissociation experiments
do in fact illustrate that after their mutual association, the
proximal visual cue as well as dead reckoning alone can
cel out the influence of the distal visual environment.

In the psychological literature, experiments on maze
learning that involved either the rotation of a maze or the
permutation of its components have shown repeatedly that
rats continue to rely on the extramaze environment in these
conditions (Kraemer, Gilbert, & Innis, 1983; Olton &
Collison, 1979; Olton, Collison, & Werz, 1977; Olton
& Samuelson, 1976). Similarly, these animals follow the
rotation of controlled extramaze cues, provided that the
topological relations between these cues are preserved
(Suzuki, Augerinos, & Black, 1980). These results are
fully supported by single-unit recordings in intact rats that
were tested in the presence of stimuli from within and



outside the test apparatus. Under these conditions, the
place field of hippocampal complex spike units remained
constant when the maze was rotated (Hill & Best, 1981;
Miller & Best, 1980), was not influenced by the inter
change of the maze arms, and followed the rotation of
controlled extramaze cues (O'Keefe & Conway, 1978).

Convergent data of this nature point toward the above
mentioned functional supremacy of extramaze cues and
have only seldom been contradicted by empirical evidence
obtained within a different theoretical framework such as
discrimination learning or Pavlovian conditioning (Diez
Chamizo, Sterio, & Mackintosh, 1985; March, Chamizo,
& Mackintosh, 1992). In the context of our research on
dead reckoning, we would like to emphasize that as long
as the experimental procedures (e.g., the rotation of the
maze or of a controlled background) maintain the geomet
rical relationships between extramaze cues, they also
preserve the positive correlation between these cues and
dead reckoning. Dead reckoning may therefore enhance
the spatial signification of distal cues, provided that the ex
perimental conditions allow the animals to keep track of
their locomotion.

On the other hand, there is general agreement that rats
learn to master a maze on the basis of salient internal cues
when adequate extramaze cues are not available (Hughey
& Koppenaal, 1987; Kraemer et al., 1983; Restle, 1956).
Again, neuropsychological data point in the same direc
tion: A conspicuous intramaze card, similar to the one
used in our research, that is presented in the absence of
any other cue from the proximal or distant visual environ
ment can polarize the firing field of a single place cell.
Thus, rotations of the cue card produce equal rotations
of the units' place field (Breeze, Hampson, & Deadwyler,
1989; Muller & Kubie 1987; Muller, Kubie, Bostock,
Taube, & Quirk, 1991).

In contrast to other research, the conditions of Experi
ment 2 were set so that dead reckoning was in conflict
with the extramaze environment but remained correlated
with an intramaze cue. During their excursions away from
the nest, dead reckoning is bound to inform the subjects
about their successive locations and headings with respect
to the nest entrance. On the basis of this information, the
animals may at any moment have expected to view parti
cular configurations from the familiar environment under
a given angle and at a given distance. During the rotation
of the arena, the intramaze cue alone confirmed this ex
pectation, and therefore gained the status of an exclusive
visual reference.
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