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Magnetic orientation in mammals has been demonstrated convincingly in only two genera of subter-
ranean mole-rats (Spalax and Cryptomys sp.) by examining the directional placement of nests in radially
symmetrical indoor arenas. Mole-rats show a spontaneous directional preference to place their nests to
the south or southeast of magnetic north. Using a similar nest-building assay, we show that laboratory-
raised Siberian hamsters also use directional information from the magnetic field to position their nests.
In contrast to mole-rats, however, the directional preference for nest position shown by Siberian hamsters
appears to be learned. Hamsters were housed in rectangular cages aligned along perpendicular axes before
testing. When subsequently tested in a radially symmetric arena, the hamsters positioned their nests in
a bimodal distribution that coincided with the magnetic direction of the long axis of the holding cages.
We also present results from an earlier set of experiments in which hamsters showed consistent
orientation only in the ambient magnetic field, and not in experimentally rotated magnetic fields. The
conditions under which these earlier experiments were carried out suggest that holding conditions prior
to testing and the presence of nonmagnetic cues may influence the expression of magnetic orientation in
the Siberian hamster. Failure to consider these and other factors may help to explain why previous
attempts to demonstrate magnetic orientation in a number of rodent species have failed or, when positive
results have been obtained, have been difficult to replicate.
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Magnetic orientation has been demonstrated in most
major classes of vertebrates including fish, amphibians,
reptiles, birds and mammals (Wiltschko & Wiltschko
1995). However, evidence for magnetoreception in mam-
mals is limited. Physiological responses to magnetic fields
occur in rodents, but have not been conclusively linked
to a magnetic sense or a behavioural response (for review,
see Phillips & Deutschlander 1997). Most behavioural
tests for magnetic orientation in mammals have also
involved rodents. Mather & Baker (1981) reported that
the European woodmouse, Apodemus sylvaticus, trans-
ported in a reversed magnetic field, homed in a direction
roughly opposite from that of controls transported in the
normal field. Using a similar experimental design, how-
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ever, Sauve (1985) failed to find evidence for homing in
A. sylvaticus. Additional field-based experiments have also
failed to find evidence for magnetic orientation in the
meadow vole, Microtus pennsylvanicus (R. Madden, unpub-
lished data), and have produced conflicting results for
different populations of Peromyscus leucopus (August et al.
1989). Likewise, laboratory-based maze studies of the
Siberian hamster, Phodopus sungorus, and of the marsupial
bush opossum, Monodelphis domesticus, did not provide
any evidence for a magnetic sense (Madden & Phillips
1987).

More convincing evidence for magnetic field sensitivity
in mammals has come from behavioural studies of mole-
rats (families Bathyergidae, genus Cryptomys; Muridae,
genus Spalax). Mole-rats are subterranean, functionally
blind rodents that excavate extensive underground tun-
nels. Mole-rats have a well-developed magnetic sense,
which they use for nest positioning (Burda et al. 1990,
1991; Marhold et al. 1997a, b, 2000; Kimchi & Terkel
2001) and, at least in Spalax ehrenbergi, for positioning
food caches and goal orientation (Kimchi & Terkel 2001).
Ltd on behalf of The Association for the Study of Animal Behaviour.
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Of particular relevance to the experiments reported here,
when placed in a radially symmetrical arena with a source
of nesting material at the centre, both Spalax and Crypto-
mys preferentially built nests in the south or southeast
sector of the arena. Rotation of the azimuth of the
magnetic field produced a corresponding rotation of
the distribution of nest locations.

The sum of evidence in rodents suggests that a well-
developed magnetic sense may be limited to specialized
species such as mole-rats. However, besides the nest-
building assay in mole-rats and negative findings from
the maze studies of Madden & Phillips (1987), no other
attempts have been made to examine magnetoreception
in a laboratory-based study where alternative sources of
directional information can be carefully controlled. Using
a nest-building assay based on the mole-rat experiments
(Burda et al. 1990; Marhold et al. 1997a, b), we performed
the present experiments to examine whether the Siberian
hamster uses the magnetic field to determine nest pos-
ition. Although Madden & Phillips (1987) were unable to
demonstrate magnetic sensitivity in P. sungorus, later
maze studies provided suggestive evidence for magnetore-
ception in this species (J. Phillips, unpublished data).
Furthermore, P. sungorus has been reported to show
neuroendocrine responses to artificial, extremely low-
frequency electromagnetic fields, or ELF EMF (Yellon
1994, 1996, 1997; Wilson & Matt 1997). A sensory mech-
anism specialized for detection of the geomagnetic field
provides one possible mechanism that could mediate
such effects (Phillips & Deutschlander 1997). Magneto-
reception in P. sungorus would also be of interest from a
comparative point of view. Phodopus sungorus is a gran-
ivorous, seed-caching murid species that, in contrast to
mole-rats, is active above ground, collecting and caching
seeds throughout the year (Honacki et al. 1982; Ruf &
Heldmaier 1993; K. Matt, personal communication).
Unlike mole-rats, therefore, it has sensory capabilities
that are more typical of rodents (i.e. normal vision).
Because P. sungorus differs from the mole-rats ecologically
and in many aspects of its sensory biology, evidence for a
magnetic compass in this species would suggest that
a magnetic sense is more widespread in rodents than the
available literature would suggest.

Here we present the results of two experiments with
P. sungorus. Although the second set of experiments pro-
vides the most compelling evidence for magnetic orien-
tation capabilities in P. sungorus, the first experiment
illustrates how nonmagnetic cues, as well as other aspects
of the experimental design, may influence a magnetic
response. These findings illustrate the importance of
considering other factors that may influence magnetic
orientation in a laboratory setting.
GENERAL METHODS
Study Animals and Care

Twelve breeding pairs of P. sungorus were obtained
from a colony housed at Arizona State University (ASU),
Tucson, Arizona, U.S.A., to start our own colony at
Indiana University, Bloomington, Indiana, U.S.A. Our
breeding colony was maintained in the animal quarters of
the Department of Biology. The colony was kept on a
14:10 h light:dark cycle. Pups were weaned at approxi-
mately 3 weeks, and separated from their parents. Males
and females were separated and kept in same-sex sibling
groups of two to five individuals. New breeding pairs were
formed regularly to keep the colony viable. During the
course of the experiments we obtained 12 new breeding
pairs from the ASU colony to add more reproductive
individuals to our colony.

While in the animal quarters, the hamsters were
housed in plastic cages (dimensions=48�26�16 cm)
with removable nonmagnetic stainless steel lids. The
cages were placed on racks with the long axis of the
housing cages aligned perpendicular to the direction of
magnetic north. The bottoms of the cages were covered
with wood chips. Cotton ‘nestlet’ squares were provided
as a source of nest material. Rodent chow and water were
provided ad libitum.

To conduct our experiments, hamsters between 2 and 6
months of age were temporarily removed from the colony
and transported by automobile to the Animal Orientation
Research Facility (AORF). The AORF consists of two build-
ings situated approximately 2.4 km from the department
of Biology. The housing conditions and duration spent at
the AORF differed for the two experiments, and will be
described in detail below. After the experiments all ham-
sters were returned to the animal quarters where they
were either used as breeders or euthanized with CO2

gas. All experimental protocols and handling procedures
were approved by the Indiana University’s Animal Care
Committee (Protocol Nos 95-020, 96-004 and 97-019).
Testing For Magnetic Orientation

All experiments were carried out in a large circular
arena (81 cm diameter) enclosed in a pair of perpendicu-
larly aligned cube-surface coils (Phillips 1986, and see
below). The wall of the arena (43 cm high) was con-
structed of aluminium and was painted flat black. The
arena floor was made of Plexiglas. Black curtains were
hung on the sides of the cube-surface coils so that the
hamsters could not see any cues outside the coils. The
arena was illuminated from above by a 50-W 12 VDC
tungsten/halogen light source during the light phase of
the photoperiod. The light was centred above the arena
and diffused through a layer of white Plexiglas, which was
positioned on top of the coil system.

Hamsters were either tested individually (in experiment
2) or in breeding pairs that were formed several weeks
prior to testing (in experiment 1). Prior to placing a
hamster (or hamster pair) in the arena, we secured a
transparent Plexiglas disc (33.5 cm diameter, 1.0 cm
thick) in the centre of the arena and spread wood chips
evenly on the floor of the arena around the disc. We
placed food pellets and nest material (i.e. square cotton
‘nestlets’) in a small depression in the centre of the disc.
We removed the hamsters from their holding cages
approximately 3 h prior to the start of the dark phase of
the photocycle, carried them to the testing room in a
plastic container inside an opaque, black cotton bag, and
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placed them in the arena (either individually or in pairs).
We removed the hamsters the next morning and scored
the position of the nest. A nest was scored only if it was
constructed entirely off the central Plexiglas disc, and
consisted of more than 50% of the nesting material by
weight. The nests were primarily built at the edge of the
arena near the arena wall, incorporating all of the
nesting material. Between tests, the arena was vacuumed,
thoroughly cleaned with a dilute solution of BioKleen
cleanser, and allowed to air dry.
Magnetic field manipulation
We tested hamsters under four different alignments of

the magnetic field: magnetic north aligned either to
geographical north (mN=gN; the ambient field), geo-
graphical east (mN=gE), geographical south (mN=gS), or
geographical west (mN=gW). The three shifted fields
resembled the ambient geomagnetic field in inclination
and total intensity (variation �1� inclination and <1% in
total intensity; measured with a Develco fluxgate magne-
tometer No. 105395). Magnetic fields were produced by
a pair of perpendicularly aligned, cube-surface coils
(Phillips 1986). The coils were powered by a dual Lambda
(No. LQ533) 0–60 VDC regulated power supply. Radiofre-
quency filters (Sprague No. 9001-100-1080) were con-
nected in series with the wires from each power supply to
the coil. Each coil was double-wrapped in a four-coil
configuration (Merritt et al. 1983) with a side length of
1.2 m, and was controlled by reversing the direction of
current flow in one of the two strands of wire (Kirschvink
1992). When the current flow was antiparallel, the fields
produced by the two elements of each coil cancelled each
other out, whereas when the flow was parallel, the fields
added and produced the artificial field. The output of the
power supply remained constant, and the current flowing
through the coils and any associated artefacts (heat,
vibrations, etc.) were the same in all four magnetic field
treatments. In the configuration where both coils had
antiparallel current flow, the magnetic field was
unchanged (mN=gN, or the ambient magnetic field), and
therefore, this configuration served as a control condition
for any artefacts produced by the generation of the
magnetic fields.
EXPERIMENT 1: PRELIMINARY TEST FOR
MAGNETIC ORIENTATION

The aim of experiment 1 was to determine (1) whether
hamsters place their nests in a consistent direction within
a circular arena when tested in the ambient magnetic
field and (2) whether a change in the alignment of the
magnetic field affects the direction of nest placement.
Methods

In order to keep the protocols of our experiment similar
to those used for mole-rats, which were tested in family
groups (Burda et al. 1990), we tested mated pairs of adult
hamsters. One mated pair of hamsters was brought to the
AORF in its ‘holding’ cage at least 3 h before the first test,
and held in a room adjacent to the test room. The
holding cage was placed against a wall so that its long axis
was aligned along a 135–315� axis relative to north.
Illumination was provided from above with a 20-W 12
VDC tungsten/halogen light source and the same light:
dark cycle was used as in the main colony. Each pair of
hamsters was tested in all four alignments of the mag-
netic field on four consecutive nights. Field alignments
were presented in a semi-random order so that each pair
of hamsters was not tested using the same order of field
alignments. On their first night of testing, three pairs
were exposed to the North field, three were exposed to
the East field, three were exposed to the West field, and
three were exposed to the South field. The same was true
on the second, third and fourth nights of testing. During
the daylight hours between tests, hamsters were returned
to their ‘holding’ cages in the room adjacent to the test
room. We tested a total of 12 pairs of hamsters in this
manner. All tests were conducted between May and
September 1995.

All statistical analyses were performed using standard
circular statistical methods (Batschelet 1981). Because
each pair was tested in the control condition of the
ambient magnetic field (in which magnetic north was
aligned with geographical north, mN=gN), as well in
three different alignments of the magnetic field (mN=gS,
gE and gW), we analysed the data by examining the
distribution of nests for all 12 pairs in each of the
magnetic field alignments (as in studies of mole-rats; e.g.
Burda et al. 1990; Marhold et al. 1997a, b). Each breeding
pair constructed only one nest per test, so only one
bearing was obtained in each field alignment for each
hamster pair. To test for significant orientation along a
consistent axis relative to the magnetic field (i.e. bimodal
orientation), we tested for significant clustering of mag-
netic bearings with the Rayleigh test after first doubling
the bearings (Batschelet 1981). When a nonrandom dis-
tribution of bearings was observed, we then determined
whether the bearings were clustered at one end of the
magnetic axis (i.e. unimodal orientation) by testing the
undoubled distribution of bearings with the Rayleigh test
(Batschelet 1981). Ninety-five per cent confidence inter-
vals for the mean vector bearings were obtained from
Figure 5.2.1 in Batschelet (1981).
Results

In the control condition of the ambient magnetic field
(i.e. mN=gN) the distribution of nests was oriented bi-
modally along an axis of 118–298� (Rayleigh test on
doubled bearings: r=0.63, N=12, P<0.01; Fig. 1a) with no
preference for one end of the axis (r=0.17, N=12, NS). The
95% confidence intervals for the mean axis of orientation
in the ambient magnetic field included the magnetic
direction of the long axis of the holding cage (i.e. 135–
315�). In contrast, the distributions of nests in the other
fields (mN=gE, gS and gW) were indistinguishable from
random (rs=0.18, 0.13 and 0.31, all NS; Fig. 1b–d, respect-
ively). Therefore, the hamsters appeared to show consist-
ent directional placement of nests in the ambient field,
but not when the field alignment was changed. These
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results suggest that hamsters are sensitive to the align-
ment of the magnetic field. Why the orientation of the
nests did not remain clustered when the alignment of
magnetic north was altered is unclear, although there are
several possible explanations (see Discussion).
EXPERIMENT 2: ORIENTATION OF INDIVIDUAL
MALES HELD AND TESTED IN SEPARATE

BUILDINGS

Hamsters in experiment 2 were held in a separate build-
ing before testing. The holding room in the second
building at the AORF was located approximately 75 m
from the testing facility. In a preliminary experiment, we
housed male hamsters individually in the second build-
ing with the long axes of the handling cages aligned
along an axis of 135–315� and then tested each hamster
for magnetic orientation only once in one of the four
alignments of the magnetic field. When all the data were
plotted relative to the direction of magnetic north during
testing, significant bimodal magnetic orientation was
observed in the distribution of nest locations (101–281�;
Rayleigh test: r=0.36, N=24, P<0.05; data not shown). To
confirm whether hamsters use the magnetic field to
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Figure 1. Analysis of nest locations for hamsters tested in experiment
1. Nest positions plotted by field treatment: (a) North field, mag-
netic north (mN)=geographical north, (b) East field, mN=
geographical east, (c) South field, mN=geographical south and (d)
West field, mN=geographical west. In (a)–(d), all data are plotted
relative to the direction of geographical north, and the direction of
magnetic north is indicated (mN). Each hamster pair was tested only
once in each field condition. Each solid circle represents the bearing
of the nest position of one hamster pair. The double-headed arrow
in (a) indicates the significant mean axis of bimodal orien-
tation, and dashed lines show the 95% confidence interval. The
mean vector length is proportional to the strength of orientation (r)
with the diameter of circle corresponding to r=1.
orient their nests and to determine whether the distribu-
tion of nest locations is spontaneous or dependent on
previous holding conditions, we carried out a more exten-
sive experiment in which hamsters were held in one of
two cage alignments before testing.
Methods

In the remote holding building, groups of eight male
hamsters were held in a room measuring 3.1�3.1 m (Fig.
2). All eight hamsters were removed from the Biology
department colony and transported as a group to the
remote holding room at least 4 days before the first test.
Indirect lighting, on the same photoperiod (LD 14:10) as
in the breeding colony, was provided by two 20-W 12
VDC tungsten-halogen light sources positioned in one
corner of the room, and directed against the walls away
from the holding cages. In the corner opposite the lights,
two sets of four vertically stacked cages were positioned
along perpendicular axes: 45–225� (designated group A)
and 135–315� (group B) (see Fig. 2). We placed each set of
four cages on a vertical set of dark brown wooden shelves
(each shelf was 27�30.5�28 cm tall), the sides of which
partially enclosed one end of each cage. In group A, the
light end of the cage was at 45�, and in group B, the light
end of the cage was at 135�. We covered the floor of each
cage with a uniform layer of wood chips. We placed
square ‘nestlets’ and a black plastic shelter at the dark end
of the cage, and food pellets at the light end. Water was
provided from a nonmagnetic dropper bottle inserted
through the lid near the light end of the cage. We placed
a single male hamster in each cage and scored the pos-
ition of the nest the following day. Within the first 24 h
all hamsters built a nest at the dark end of the cage,
usually inside the black shelter.

We tested each individual once in the circular test
arena. Within each group of four hamsters (both group A
and group B), we tested each animal in a different align-
ment of the magnetic field so that all four magnetic
field alignments (see above) were tested for each group.
Hamsters from the two cage alignments were alternated
on successive nights. This experiment was conducted
twice; first between May and October 1996 (N=26
hamsters) and then again during the same months in
1997 (N=37 hamsters). When data from the 2 years were
combined, a total of 33 bearings were obtained from
group A and 30 bearings from group B.

We performed all analyses using standard circular sta-
tistics (Batschelet 1981). Because each individual was
only tested once, we treated the nest positions of individ-
ual hamsters as independent data points. We pooled
magnetic bearings (i.e. the angular bearing relative to the
direction of magnetic north in the test arena) from a
roughly equal number of hamsters tested in each of the
four magnetic field alignments. The use of this symmetri-
cal testing format factors out any consistent nonmagnetic
bias from the resulting distribution of magnetic bearings
(Phillips 1986). We tested the pooled distributions of
magnetic bearings for significant orientation using the
Rayleigh test on doubled bearings, and obtained 95%
confidence intervals for the mean vector bearings as in



783DEUTSCHLANDER ET AL.: ORIENTATION IN HAMSTERS
Results

There was no significant difference between the orien-
tation of hamsters tested in 1996 and 1997 (Watson U2

test on doubled magnetic bearings: U2=0.0411, N1=26,
N2=37, NS) and the data from both years were combined
for analysis. Hamsters in group A (held on a 45–225� axis)
built their nests along a bimodal axis of 33–213� (Rayleigh
test: r=0.36, N=33, P<0.03; Fig. 3a) relative to the direc-
tion of magnetic north, while hamsters in group B (held
on a 135–315� axis) built their nests along an axis of
119–299� (r=0.40, N=30, P<0.01; Fig. 3b). The two distri-
butions were significantly different (Watson U2 test on
doubled angles: U2=0.4517, P<0.001), and the mean axes
of the two magnetic distributions differed by approxi-
mately 90�. When the two data sets were pooled with
respect to the magnetic direction of the light end of the
holding cage (light end=360�), the distribution of nest
positions was bimodally distributed along an axis corre-
sponding to the long axis of the holding cages (166–346�;
Rayleigh test: r=0.38, N=63, P<0.001; combined distri-
bution not shown). In contrast, when the bearings were
pooled with respect to magnetic north (i.e. without
normalizing the data with respect to the magnetic axis of
the holding cage), the distribution of nest positions was
indistinguishable from random (r=0.03, NS; distribution
not shown).
N

Screen Light source
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Figure 2. Schematic showing the spatial layout of the holding/
training room for experiment 2. Lighting, located in the east corner
of the room, resulted in indirect illumination in the remainder of the
room. In the west corner of the room, wooden shelf units each
contained four transparent training cages, stacked vertically.
Approximately 40% of each cage protruded beyond the shelf. The
cage/shelf units were aligned on a 45–225° (A group) or 135–315°
(B group) magnetic axis, resulting in two perpendicular training
alignments. To enhance the light asymmetry along the trained axis,
an opaque fibreboard screen, extending from the floor to the
ceiling, was positioned along the room-side of each shelf unit.
The fibre board screen and walls of the room were painted white.
The screen extended 24 cm beyond the front edge of the cages. This
arrangement produced a light asymmetry on the long axis of each
cage; that is, a dark end at 225° (A) or 315° (B), and a light end at
45° (A) or 135° (B). One hamster was held in each cage, which also
contained nesting material (‘nestlets’) and a black plastic ‘shelter’ at
the dark end of the cage.
(a) mN (b) mN

Figure 3. Orientation of hamsters tested in experiment 2. (a) The
distribution of nest locations of hamsters trained with a cage
alignment of 45–225°. (b) The distribution of nest locations of
hamsters trained with a cage alignment of 135–315°. Each circle
represents the bearing of the nest position of one hamster (•:
hamsters tested in 1996; ●: hamsters tested in 1997; see text for
details). The data are plotted with respect to the direction of
magnetic north during testing (i.e. mN=0°). Double-headed arrows
indicate the significant mean axis of bimodal orientation, and
dashed lines show the 95% confidence interval. The mean vector
length is proportional to the strength of orientation (r) with the
diameter of circle corresponding to r=1. Arrowheads outside the
circle plot indicate the training axis for each group (open arrows:
light end; solid arrows: dark end).
DISCUSSION

The results of experiment 2 indicate that P. sungorus has a
well-developed magnetic compass and suggests that the
tendency for hamsters to build nests along a particular
axis relative to the magnetic field is a learned response.
Hamsters from group A oriented perpendicular to ham-
sters from group B, and the axes of orientation corre-
sponded to the long axis of the holding cages in which
the hamsters were held prior to testing (Fig. 3). The
orientation of the hamsters in the ambient magnetic field
of experiment 1 (Fig. 1a) also coincided with the long axis
of the holding cages (135–315�), as did the orientation of
hamsters held in the remote building in a preliminary
experiment conducted prior to experiment 2 (data not
shown). In contrast, mole-rats belonging to two different
families display what has been interpreted as an innate or
spontaneous tendency to build nests in a southerly or
southeasterly direction relative to the magnetic field
(Burda et al. 1990; Kimchi & Terkel 2001). Burda et al.
(1990) reported a similar directional tendency in the
alignment of the main trunk of tunnels of Cryptomys
colonies in the field. However, not all populations of
experiment 1. We analysed the orientation of hamsters
from the two different holding alignments separately,
and used a Watson U2 test to test for differences between
the two distributions of magnetic bearings.
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Cryptomys show a southeast directional preference
(Lovegrove et al. 1992), and no studies have been con-
ducted to show conclusively that the magnetic direc-
tional preference for nest position in mole-rats is innate.
Because no details about holding conditions were given
for any of the mole-rat studies, it is difficult to determine
whether holding conditions before testing influenced the
mole-rats’ orientation.

The evidence for magnetic orientation by P. sungorus
obtained in experiment 2 contrasts with the failure of an
earlier attempt to demonstrate magnetic sensitivity in
this species. Madden & Phillips (1987) were unable to
demonstrate magnetic sensitivity in P. sungorus when
they attempted to train hamsters to the magnetic direc-
tion of a food source in a four-arm maze. In conjunction
with the findings reported here, Madden & Phillips’
results show that the success of experiments to demon-
strate magnetic orientation in rodents may depend on
a number of features of experimental design. The nest-
building assay developed by Wiltschko’s laboratory
(Burda et al. 1990, 1991; Marhold et al. 1997a, b,
2000), and modified for the experiments reported here
and by Kimchi & Terkel (2001), has proven to be well
suited for demonstrating the involvement of the geo-
magnetic field in the spatial orientation of ecologically
and taxonomically diverse rodents.

Results of experiments 1 and 2 suggest that magnetic
orientation can be strongly influenced by features of
experimental design. In experiment 1 magnetic orien-
tation was only observed in the ambient magnetic field
(mN=gN). When the magnetic field alignment was
changed the hamsters’ behaviour was affected (indicating
that they were sensing the magnetic field), but they failed
to show a consistent direction of orientation relative to
the magnetic field (Fig. 1b–d). One possible explanation
for the lack of orientation in the altered magnetic fields
may have been that a cue conflict existed between mag-
netic and nonmagnetic cues. In experiment 1, the ham-
sters were removed from the main animal colony and
brought out to the test facility where they were placed in
a room adjacent to the testing room for 3–5 h before the
start of the first test. For the next 3 days, between the
nightly tests, the hamsters were returned to the holding
cage and exposed to the ambient magnetic field in the
adjacent room. If the hamsters learned the alignment of
the holding cage with respect to some nonmagnetic cue
present in both the holding and testing rooms, as well as
to the magnetic field, they would have experienced a
consistent relationship between the two sources of direc-
tional information when they were tested in the arena in
the North field condition (i.e. there would be no conflict
between these two sources of directional information).
When the hamsters were tested in any of the rotated
magnetic fields (mN=gE, gW, or gS), however, they would
have experienced a conflict between the directional infor-
mation obtained from the nonmagnetic cue and from the
magnetic field. This could have resulted in disorientation
(1) due to confusion resulting from the conflicting direc-
tional information, or (2) because some hamsters relied
on the nonmagnetic cues, while others relied on mag-
netic cues, resulting in an overall distribution of nest
locations that was randomly distributed. One potential
nonmagnetic cue present in experiment 1 was directional
sound produced by pneumatic pumps located outside the
building (low-frequency pulses, 30–60/min). These
sounds were audible to us in both the holding and testing
rooms used in experiment 1. However, whether the
hamsters were able to hear the sounds or could localize
them is unknown. Additional nonmagnetic cues may also
have been available.

In experiment 2, hamsters were held in a separate
building in order to eliminate the potential for cue
conflict between magnetic and nonmagnetic cues. The
pump sounds audible in the testing building were not
audible in the holding room in the second building (as
would be the case for other potential nonmagnetic cues
present in the test building). In addition, to make the
pump sounds less audible in the test room during exper-
iment 2, the walls were insulated with a sound-
dampening material. We also sought to eliminate any
potential cue conflict by testing hamsters only once. This
eliminated the possibility of hamsters associating mag-
netic and nonmagnetic cues in the testing room on the
first night, which could have a caused a cue conflict in
subsequent tests when the hamsters were exposed to
different alignments of the magnetic field. Although it is
unclear why the hamsters did not orient in the shifted
magnetic fields in experiment 1, the results show that
even when an animal can sense and orient to the
magnetic field, they may not do so in every testing
paradigm.

In experiment 1, the absence of a consistent axis of
orientation in the ‘mN=gS’ field warrants further discus-
sion. Bimodal orientation, like that shown by hamsters,
can be the result of ambiguity in the directional infor-
mation used to determine nest position. In the case of
magnetic cues, for example, bimodality could result from
an inability to distinguish north from south along the
magnetic axis. Alternatively, the bimodality could reflect
a limitation of the learning process, which is not specific
to the sensory modality used to derive directional infor-
mation. Finally, bimodality could occur because the sub-
jects are not ‘motivated’, or in some way physiologically
predisposed, to prefer one end of the holding cage axis
relative to the other. In the present experiments, if either
of the first two alternatives were correct (i.e. if hamsters
were unable to detect or to learn the difference between
the two ends of the magnetic field), their responses in
experiment 1 should have been similar in the N and S
fields. Contrary to this prediction, however, the hamsters
showed bimodal orientation in the ambient, control field
(mN=gN), but were disoriented in the S (mN=gS) mag-
netic field, as well as the E and W fields. These findings
suggest that the hamsters were able to detect the differ-
ence between the N and S fields, but did not display a
behavioural preference for one end of the orientation
axis.

Although our results support the presence of a mag-
netic sense in the Siberian hamster, many questions
about how hamsters use this sense remain to be
answered. In addition, the sensory basis of magneto-
reception in hamsters needs to be addressed. Evidence
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exists for the presence of two types of magnetoreception
mechanisms in vertebrates: a light-dependent,
photoreceptor-based mechanism and a non-light-
dependent, possibly magnetite-based mechanism (for
reviews see Kobayashi & Kirschvink 1995; Wiltschko
& Wiltschko 1995; Phillips & Deutschlander 1997;
Deutschlander et al. 1999; Lohmann & Johnsen 2000). In
mole-rats, directional (‘compass’) orientation appears to
be mediated by a non-light-dependent mechanism
involving magnetite, or some other permanent magnetic
material (Marhold et al. 1997a, b; Kimchi & Terkel 2001).
Whether a similar magnetoreception system is present in
Siberian hamsters is unknown. Unlike Siberian hamsters,
mole-rats spend most of their lives underground in total
darkness and are functionally blind (Marhold 1997a, b),
both of which could preclude the use of a light-
dependent magnetic compass mechanism. Phodopus sun-
gorus is taxonomically more closely related to mole-rats
than the animals that have been shown to have a light-
dependent magnetic compass (i.e. birds and salaman-
ders). On phylogenetic grounds, therefore, P. sungorus
would be expected to have a non-light-dependent,
magnetite-based magnetic compass. However, some
aspects of the Siberian hamster’s sensory ecology and
physiology (i.e. light environment, functional visual
system, etc.) are more similar to birds and salamanders.
This might lead one to expect a light-dependent,
photoreceptor-based magnetic compass.

In the experiments reported here, the hamsters had
several hours of light in the arena before the lights were
turned out. Observations from a small number of ham-
sters in the test arena suggest that most, if not all, of the
hamsters constructed nests prior to darkness. Consistent
with this conclusion is the observation that the hamsters
typically built nests within the first hour or so after being
placed into a new holding cage. Therefore, the findings
reported here cannot be used to distinguish between a
light-dependent and a non-light-dependent magneto-
reception mechanism. Additional studies are needed to
characterize the magnetoreception mechanism that
mediates the Siberian hamster’s magnetic compass
response and, as a consequence, to gain a better under-
standing of the relative importance of ecological press-
ures and phylogenetic constraints in shaping this sensory
system in rodents.

Finally, an examination of the use of a magnetic sense
by Siberian hamsters in their natural environment would
help us to better understand how hamsters use the geo-
magnetic field for spatial orientation. In our experiments,
the hamsters used the magnetic field to position their
nests in an artificial, symmetric environment. How this
behaviour relates to the hamsters’ nest building and/or
burrow construction in the wild is unclear. It is also poss-
ible that hamsters use the magnetic field for other tasks,
such as foraging or caching food. Siberian hamsters are
seed-caching animals, which rely on the ability to find and
remember the location of caches in the environment
(Honacki et al. 1982; Ruf & Heldmaier 1993; K. Matt,
personal communication). Seed-caching animals tend
to have well-developed spatial orientation skills (e.g.
Sherry & Duff 1996). Investigating the role of magnetic
cues in caching behaviour may be an interesting avenue
to pursue.
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