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Abstract

Previous studies have demonstrated the presence of a light-dependent
magnetic compass in a urodele amphibian, the eastern red-spotted newt
Notophthalmus viridescens, mediated by extraocular photoreceptors located in
or near the pineal organ. Newts tested under long-wavelength (‡500 nm) light
exhibited a 90� shift in the direction of orientation relative to newts tested under
full spectrum (white) or short-wavelength light. Here we report that bullfrog
tadpoles Rana catesbeiana (an anuran amphibian) exhibit a 90� shift in the
direction of magnetic compass orientation under long-wavelength (‡500 nm) light
similar to that observed in newts, suggesting that a common light-dependent
mechanism mediates these responses. These findings suggest that a light-
dependent magnetic compass may have been the ancestral state in this group of
vertebrates.
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Introduction

Magnetic field sensitivity appears to be widespread in amphibians (Phillips
1977, 1986a, b; Sinsch 1987, 1990, 1992; Phillips & Borland 1992a, b;
Deutschlander et al. 1999a, 2000), but attempts to characterize the underlying
magnetoreception mechanism(s) have been limited to one species of urodele
amphibian, the eastern red-spotted newt Notophthalmus viridescens. Evidence
from newts points to the presence of two magnetoreception systems. One
system appears to measure spatial variation in at least one component of the
magnetic field (i.e. inclination) and to use this information to derive geographic
position for the �map� step of true navigation (Kramer 1961; Phillips et al.
1995, 2002a; Fischer et al. 2001). The �map detector� in newts appears to
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involve a mechanism utilizing biogenic magnetite (Phillips 1986b; Brassart
et al. 1999; Phillips et al. 2002b). The second system is sensitive to the
horizontal alignment (azimuth) of the magnetic field and is used for compass
orientation, as well as the compass component of homing (Phillips 1986a, b;
Phillips 1987). The newt’s magnetic compass is light-dependent (Phillips &
Borland 1992a, b; Deutschlander et al. 1999a; Phillips et al. 2001), and exhibits
properties consistent with a photoreceptor-based magnetoreception mechanism
involving a photoexcited radical pair reaction (Schulten & Windemuth 1986;
Ritz et al. 2000). Newts trained relative to an artificial shoreline and tested
under long-wavelength light (‡500 nm) show a 90� counterclockwise shift in
the direction of magnetic compass orientation when compared with newts
tested under short-wavelength light (£450 nm) of the same quantal flux or
under full spectrum (white) light (Phillips & Borland 1992b). The shoreward
compass orientation of newts trained under long-wavelength light and tested
under either full spectrum or long-wavelength light suggests that the
wavelength-dependent 90� shift results from a direct effect of light on the
underlying magnetoreception mechanism. The cause of the 90� shift appears to
be an antagonistic interaction between short-wavelength (£450 nm) and long-
wavelength (‡500 nm) extra-ocular photoreceptors (Phillips & Borland 1992b)
located in or near the pineal organ (Deutschlander et al. 1999a; Phillips et al.
2001).

Considerably less is known about the magnetic compass of anuran
amphibians. Field studies have demonstrated that the geomagnetic field plays
an important, though as yet undetermined, role in the homing behaviour of
several species of bufonids. When displaced from a pond with a bar magnet
attached to their heads, Bufo bufo and B. calamita failed to exhibit a
consistent orientation, and B. spinulosus exhibited non-homeward initial
orientation that differed significantly from controls. In contrast, controls of
all three species carrying brass bars were homeward oriented (Sinsch 1987,
1990, 1992). Despite these effects on initial orientation, the magnets did not
prevent the toads from successfully homing. Moreover, although these studies
indicate that the geomagnetic field plays a significant role in homing, they did
not investigate whether the magnetic treatment affected the map or compass
step of homing.

Recently, we developed a behavioral assay for studying magnetic compass
orientation in an anuran amphibian, the bullfrog Rana catesbeiana (Freake
et al. 2002). Bullfrog tadpoles trained in the same outdoor tanks used in our
earlier newt experiments exhibited bimodal magnetic compass orientation along
the shore–deep water magnetic axis when tested in a water-filled indoor arena.
As in newts, the �shoreward� orientation (also referred to as �y-axis� orientation;
Ferguson & Landreth 1966) of bullfrog tadpoles does not involve the use of
map information. Therefore, this behavioral assay provides an opportunity to
compare the functional properties of the magnetic compass in both anuran and
urodele amphibians to determine whether similar light-dependent magnetic
compasses are present in these two orders of Amphibia.
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In this study, we investigate the effect of exposure to long-wavelength light
(‡500 nm) on the magnetic compass orientation of bullfrog tadpoles to determine
whether they exhibit a 90� shift, which is characteristic of the light-dependent
magnetic compass of eastern red-spotted newts.

Methods

Bullfrog tadpoles (stages 25–30, Gosner 1960) were collected from ponds
near Bloomington, Indiana, USA (Crane Naval Surface Weapons Center)
between Apr. and Sep. 2000. Training and testing took place at the Indiana
University Animal Orientation Research Facility. Methods are described fully
in Freake et al. (2002). Briefly, tadpoles were trained under natural skylight in
water-filled outdoor tanks. Each tank had a Plexiglas bottom sloping up to one
end to provide an artificial shore (shore end towards east or north). The deep
end was shaded with a black polythene sheet. Water temperature was
maintained at 20 ± 1�C by a heat exchanger located under the sloping floor
and connected to a recirculating cooling/heating unit (model no. 5105-P;
Polyscience Inc., Niles, IL, USA). An air lift at the shore end of the tank
circulated water up from beneath the Plexiglas shore to ensure mixing of the
water within the tank. Water then returned beneath the shore through small
holes at the deep end of the tank. Groups of 15 tadpoles were placed in one of
the outdoor tanks and and acclimated for 7 d to the shore-deep water axis
(y-axis) prior to testing. Tadpoles were periodically fed boiled lettuce placed in
the shallow end of the tank. Training and testing took place from Jun. to Sep.
2000.

Testing began by rapidly elevating the training tank water temperature to
28 ± 1�C. Tadpoles were then removed individually from the training tank and
transported in a light tight plastic container containing a small amount of tank
water to an indoor testing arena. The arena consisted of a round black plastic
tub (diameter ¼ 79 cm, height ¼ 35 cm) with a white polyethylene floor
radially marked every 10� to allow accurate scoring of the directional bearing
of each tadpole. A hydraulically controlled cylindrical translucent Plexiglas
release device (diameter ¼ 9 cm, height ¼ 13 cm) rested on a flat transparent
Plexiglas disk (diameter ¼ 75 cm, height ¼ 1.25 cm) which was located in the
center of the arena floor. The arena was filled with water to a depth of 1 cm
above the transparent Plexiglas disk, and was maintained at 27–28�C. The
arena was illuminated by a 20 W 12 V DC halogen light (model no. ESX
20MR16Q/8/NSP; Sylvania Inc., Danvers, MA, USA) centered 55 cm above
the arena floor. Relative irradiance of tungsten halogen bulbs increases with
wavelength from approx. 340 to 700 nm, resulting in lower colour temperature
(3000 K) than sunny daylight at midday (5500 K), but similar to sunlight at
dawn and dusk (approx. 3000 K, Hernández-Andrés et al. 1999; see http://
www.sylvania.com for spectral distribution curve). Tadpoles were tested either:
(i) under full spectrum light by inserting a frosted Pyrex glass sheet in the light
path, or (ii) under ‡500 nm broadband long-wavelength light by inserting a
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filter comprising two layers of long-wavelength transmitting gel filter (Lee no.
101, Lee Filters, Burbank, CA, USA) and one layer of 0.6 cm Plexiglas. This
arrangement effectively eliminates wavelengths of light below 500 nm (<1%
transmission below 490 nm, and <0.1% below 470 nm), and so would not be
experienced by bullfrog tadpoles in the natural environment (red-shifted
daylight at dawn and dusk still retains wavelengths below 500 nm, merely at
a lower relative irradiance; Hernández-Andrés et al. 2001). The intensities of the
light in the center of the release device were 15.3 log quanta/cm2/s (full
spectrum light) and 15.13 log quanta/cm2/s (‡500 nm light). Differences in
radiance patterns may have existed between the two conditions (the frosted
Pyrex glass would be expected to scatter light more effectively than the yellow
filter and Plexiglas sheet); however, no differences were visible to human
observers.

Tadpoles were placed in the release device one at a time, which was then
raised after approximately 60 s, allowing the tadpole to swim freely within the
arena. Each tadpole’s directional response was recorded when it first contacted a
73 cm diameter circle marked on the arena floor. Trials were discontinued if the
tadpole failed to score within 10 min.

Each tadpole was tested only once in one of four symmetrical alignments
of an earth-strength magnetic field [i.e. magnetic north ¼ gN (geographic
north), gE, gS, or gW; Phillips 1986b]. The horizontal direction of the magnetic
field was altered using two orthogonal, double-wrapped, cube
(119 · 119 · 119 cm) surface coils (Merritt et al. 1983) surrounding the arena,
and powered by a DC regulated power supply (model no. LQ533; Lambda Inc.,
San Diego, CA, USA). The intensities and inclinations of the test fields,
measured with a Develco 3-axis magnetometer (model no. 105395, Develco Inc.,
Mt. View, CA, USA), were within 3% and 1�, respectively, of the ambient
geomagnetic field.

Absolute (topographic) bearings were normalized with respect to the
direction of magnetic north during testing (magnetic bearings). By pooling the
magnetic bearings from an equal number of tadpoles tested in the four different
field alignments, any consistent non-magnetic bias was factored out of the
resulting distribution (Phillips 1986b). Any significant clustering in the distribu-
tion of magnetic bearings therefore, indicated a consistent direction or axis of
orientation with respect to the magnetic field direction.

The data were analyzed using standard circular statistics (Batschelet 1981).
Because the tadpoles� responses were bimodal (Freake et al. 2002), the magnetic
bearings were doubled prior to statistical analysis (Batschelet 1981). The Rayleigh
test and 95% confidence limits were used to test for orientation along the y-axis.
For each wavelength condition, magnetic bearings obtained from tadpoles held in
the two tank alignments were combined after rotating each distribution so that
the y-axis was at 0–180�. The bearings were then doubled and the distributions
compared using the Watson U2 test to determine whether tadpoles tested under
full spectrum and long-wavelength light differed in orientation relative to the
trained magnetic axis. The topographic bearings were also analyzed using the
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Rayleigh test to determine whether non-magnetic directional cues affected the
tadpoles� orientation.

Results

Tadpoles tested under long-wavelength (‡500 nm) light exhibited orienta-
tion that was significantly different from that of controls tested under full
spectrum light. Tadpoles tested under full spectrum light exhibited bimodal
orientation that coincided with the magnetic direction of the y-axis (0–180�
trained group: / ¼ 9–189 ± 23�, r ¼ 0.52, p ¼ 0.02, Fig. 1a; 90–270� trained
group: / ¼ 94–274 ± 25�, r ¼ 0.50, p ¼ 0.035, Fig. 1b; two groups combined:
/ ¼ 7–187 ± 15�, r ¼ 0.51, p < 0.001, Fig. 1c). In contrast, tadpoles tested
under ‡500 nm light exhibited bimodal orientation that was perpendicular to the
magnetic direction of the y-axis (0–180� trained group: / ¼ 92–272 ± 22�, r ¼
0.53, p ¼ 0.017, Fig. 1d; 90–270� trained group: / ¼ 356–176 ± 19�, r ¼ 0.62,
p ¼ 0.005, Fig. 1e; two groups combined: / ¼ 88–268 ± 14�, r ¼ 0.57,
p < 0.001, Fig. 1f). The combined distributions of newts tested under full
spectrum and ‡500 nm light were significantly different (U2 ¼ 0.669, p < 0.001;
Watson U2 test).

In all four training/treatment conditions, the topographic bearings were
randomly distributed (full spectrum light: 0–180� trained group, / ¼ 117�, r ¼
0.16, p > 0.1, and 90–270� trained group: / ¼ 197�, r ¼ 0.19, p > 0.1; ‡500 nm
light: 0–180� trained group, / ¼ 185�, r ¼ 0.163, p > 0.1, and 90–270� trained
group: / ¼ 168�, r ¼ 0.039, p > 0.1) indicating that the tadpoles� orientation
was not influenced by a non-magnetic �bias� in the testing arena.

Discussion

Bullfrog tadpoles trained under full spectrum skylight and then tested under
full spectrum light exhibited magnetic compass orientation that coincided with the
trained y-axis (i.e. shore–deep water axis). In contrast, tadpoles tested under long-
wavelength (‡500 nm) light exhibited a 90� shift in magnetic compass orientation
relative to the trained y-axis direction, similar to that observed in eastern red-
spotted newts (Phillips & Borland 1992b; Deutschlander et al. 1999a). Two of the
distributions are significantly oriented in a unimodal (as well as bimodal)
direction (Fig. 1e, / ¼ 175�, r ¼ 0.58, p < 0.01, and Fig. 1f, / ¼ 80�, r ¼ 0.44,
p < 0.01). As discussed in an earlier paper (Freake et al. 2002), variation in
training/testing protocol, and in individual animal motivation, may produce
either unimodal or bimodal orientation relative to the y-axis in amphibians. For
example, when newts are trained for 5–7 d in outdoor tanks, unimodal shoreward
orientation can be elicited during testing (Phillips & Borland 1992a), while a 1-d
training protocol produces bimodal orientation along the shore-deep water axis
(Deutschlander et al. 2000). In our tadpole assay it appears that, as a general rule,
approximately equal proportions of tadpoles orient towards shore or deep
(Freake et al. 2002). However, by chance, some groups may contain individuals

245Bullfrog Light-Dependent Magnetic Compass



tending to share the same preference, or greater ability to learn the difference
between the magnetic direction of shore and deep. Note that unimodal orientation
along the y-axis does not indicate use of a polar (rather than axial) magnetic
compass sense. Experimental tests involving inversion of the vertical component
of the magnetic field are required to distinguish between a polar and axial
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Fig. 1: Bimodal magnetic compass orientation of tadpoles trained under natural skylight and tested
under full spectrum (a, b and c; no shading) or ‡500 nm long-wavelength light (d, e and f; grey
shading). (a and d) Bearings of tadpoles trained in a tank with the y-axis aligned north–south (shore ¼
0�). (b and e) Bearings of tadpoles trained in a tank with the y-axis aligned east–west (shore ¼ 90�). (c)
Bearings from a and b pooled with respect to the magnetic direction of shore (0�). (f) Bearings from d
and e pooled with respect to the magnetic direction of shore (0�). Each dot represents the bearing of
one tadpole, tested only once. Double-headed arrows at the center of each plot indicate the mean
vector of each distribution. The length of each arrow is proportional to the mean vector length (r), with
the diameter of the circle corresponding to r ¼ 1. Large triangles outside the plots indicate the
magnetic direction of the shore end of the y-axis. Dashed lines represent the 95% confidence intervals

for the mean vector
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magnetic compass (Wiltschko & Wiltschko 1972; Phillips 1986b; Light et al.
1993).

It is unlikely that the tadpoles exhibited a shift in orientation because of a
change in motivation (such as a desire to orient parallel to shore). This
experimental protocol is based very closely on that used in the newt experiments
of Phillips & Borland (1992a, b); they excluded the possibility of a motivational
effect by carrying out a second series of experiments in which newts were trained
under long-wavelength light and then tested under either long-wavelength or full
spectrum light. If exposure to long-wavelength light motivated newts to orient
parallel to shore, they should have continued to exhibit 90� shifted orientation
relative to shore when tested under long-wavelength light. In contrast, the newts
exhibited correct shoreward orientation when tested under long-wavelength light
(i.e. the same as during training), but oriented 90� clockwise when tested under
full spectrum light, indicating that both when learning the shoreward direction in
the outdoor tanks and when subsequently tested in the indoor arena, they
perceived the magnetic field to be rotated 90� counterclockwise of its alignment
under full spectrum light. A similar result was obtained in later experiments in
which newts were trained in a manner that elicited bimodal orientation along the
shore-deep water axis (Deutschlander et al. 1999a), similar to the response
exhibited by tadpoles in the present study. Since the shift in direction of magnetic
compass orientation in the newt study was shown to result from a direct effect of
light on the magnetoreception mechanism responsible for shoreward compass
orientation, it is likely that the directional shift we have observed in tadpoles
(Fig. 1), obtained under similar light and magnetic field conditions, is also
because of a direct effect of light on the magnetic compass.

The experiments with newts (Phillips & Borland 1992b) showed that short-
wavelength (i.e. 400 and 450 nm), mid-wavelength (475 and 500 nm) and long-
wavelength (i.e. 550 and 600 nm) light (approx. 40 nm bandwidth) adjusted to
approximately the same quantal flux (12.3 log quanta/cm2/s at 400 nm and
12.6 log quanta/cm2/s at the wavelengths ‡450 nm) produced significantly
different orientation (normal, random and 90�-shifted orientation relative to the
trained magnetic axis; respectively). Phillips and Borland proposed that
the wavelength-dependent effects of light on magnetic compass orientation were
the result of antagonistic inputs from a short-wavelength (peak sensitivity
£450 nm) and a long-wavelength (peak sensitivity ‡500 nm) spectral mechanism
that produce �complementary� bimodal patterns of response (Fig. 2). Consistent
with this hypothesis, intermediate wavelengths around 475 nm, which should
cause the two inputs to cancel each other and eliminate the directional response of
the magnetic compass (Fig. 2b), resulted in disorientation.

Full spectrum, like 475 nm light, should also stimulate both the short- and
long-wavelength inputs (Fig. 2a). However, both tadpoles and newts exhibit
unshifted shoreward orientation under full spectrum light. In newts, the response
observed under full spectrum light was indistinguishable from that observed
under short-wavelength (i.e. 400 and 450 nm) light (Phillips & Borland 1992b),
indicating that the short-wavelength mechanism is preferentially stimulated by
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full spectrum light, and therefore has significantly higher sensitivity than the long-
wavelength mechanism (Fig. 2d).

Empirical support for the involvement of spectral mechanisms with these
properties comes from neurophysiological recordings of extraocular photorecep-
tors in amphibians and reptiles. Dodt & Heerd (1962) recorded from chromatic
units in the pineal nerve innervating the frontal organ of Rana temporaria and
R. esculenta, that exhibited properties remarkably similar to those inferred
from the wavelength-dependent effects of light on the magnetic compass
orientation of newts. The activity exhibited by the chromatic units was inhibited
by a short wavelength mechanism with peak sensitivity at 355 nm and excited by a
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Fig. 2: A model for wavelength-dependent effects of light on a magnetically sensitive photoreceptor
organ in the newt. A hypothetical magnetoreception system is shown in a, b and c, consisting of a
circular array of receptors (small rectangles). Receptors consist of two antagonistic spectral
mechanisms (d); a high sensitivity short-wavelength absorption mechanism, and a low sensitivity
long wavelength absorption mechanism. The antagonistic effects on the output of the detector are
indicated by the plus and minus signs under the absorption curves. (a) Under short wavelength light,
receptors aligned parallel to the magnetic axis exhibit an increase in response (white-filled rectangles)
relative to receptors in perpendicular alignments that are not affected by the magnetic field (gray-filled
rectangles). Arrowheads at the edge of the circular array indicate the axis that will appear to have the
highest level of response. (b) Under intermediate wavelengths of light that activate the two spectral
mechanisms more or less equally, the effect of the magnetic field on the two spectral mechanisms
cancels out so that the response of all receptors is unaffected by the magnetic field alignment (gray-
filled rectangles); there is no net directional output from the receptor array. (c) Under long-wavelength
light, receptors aligned parallel to the magnetic field exhibit a decrease in response (black-filled
rectangles) relative to receptors in perpendicular alignments that are unaffected by the magnetic field
(gray-filled rectangles). The axes with the highest level of response (indicated by the arrowheads) differ

by 90� in a and c (modified from Deutschlander et al. 1999b)
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long-wavelength mechanism with peak sensitivity at 515 nm. Wavelengths around
465 nm were found to stimulate the two mechanisms more-or-less equally.1 In
addition, the short-wavelength mechanism was approx. 2 log units (approx. 100
times) more sensitive than the long-wavelength mechanism. As a consequence of
this large difference in absolute sensitivity, under virtually any natural lighting
condition (i.e. ranging from the clear blue sky on a cloudless day to a red sky at
sunrise or sunset, which entails only a two- to three-fold change in relative
proportion of short- and long-wavelength light; Endler 1993), the short-
wavelength mechanism will be preferentially activated. Given such a mechanism,
selective activation of the long-wavelength mechanism would only be possible
using the highly saturated artificial spectral stimuli that can be produced in the
laboratory.

In the parietal eye of lizards, which is homologous to the frontal organ of
anuran amphibians, Solessio & Engbretson (1993) recorded the responses of
isolated photoreceptors that resulted from a short-wavelength mechanism (peak
sensitivity ¼ 440 nm) that hyperpolarizes the cell membrane, and a second long
wavelength mechanism (peak sensitivity ¼ 495 nm) that depolarizes the cell
membrane. Like the mechanisms present in the amphibian frontal organ, the two
mechanisms found in parietal eye photoreceptors also differed in sensitivity by
approx. 2.0 log units (although in this case, the long-wavelength mechanism is
more sensitive than the short-wavelength mechanism). Thus, photoreceptors in
the pineal complex of both reptiles and amphibians contain photoreceptors with
properties that are not found in retinal photoreceptors (i.e. antagonistic spectral
mechanisms present in the same cell) and, in the case of amphibians, closely match
the spectral sensitivity of the light-dependent magnetic compass (Phillips &
Borland 1992a, b).

Experiments using spectral �caps� to selectively alter the wavelengths of light
reaching the pineal, without affecting light reaching the retinas, indicate that the
light-dependent magnetic compass in newts is mediated by extraocular photo-
receptors located in or near the pineal (Deutschlander et al. 1999a; Phillips et al.
2001). Preliminary neurophysiological recordings have provided evidence for
magnetic field sensitivity in the frontal organ of adult bullfrogs, which is an
outgrowth of the pineal (Phillips, Lindquist and Borland, unpubl. data).
However, behavioral experiments with tadpoles and/or adult frogs are needed
to determine whether this is the site of the magnetic compass.

It should be noted that any light-dependent magnetic compass based on
antagonistic inputs that differ both in spectral and absolute sensitivity, similar to

1 As a result of the wider bandwidth of the spectral stimuli used in the behavioral study of
newts (approx. 40 nm) relative to that used by Dodt & Heerd (1962), and the higher
relative sensitivity of the short-wavelength input, a spectral stimulus that would produce
equal activation of the two inputs to such a mechanism would be expected to be shifted to
somewhat longer wavelengths in the behavioral experiments. Consequently, the match
between the properties of the chromatic units characterized by Dodt & Heerd, and those of
the mechanism inferred to mediate the light-dependent magnetic compass in newts is
remarkably good.
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those shown in Fig. 2, is likely to be sensitive to changes in both the intensity and
wavelength of light. Sensitivity to changes in intensity will result from intrinsic
differences in absolute sensitivity and, thus, thresholds of activation, while
sensitivity to changes in wavelength (at certain intensities) will result from
differential activation of the two mechanisms. Migratory birds exhibit light-
dependent magnetic compass orientation in which orientation direction varies as a
complex function of both the wavelength and intensity of light (Wiltschko et al.
1993; Wiltschko &Wiltschko 1995, 1999, 2001; Rappl et al. 2000; Wiltschko et al.
2000a, b; Moller et al. 2001; Muheim et al. 2002). In these experiments, varying
the intensity of full spectrum (white) light did not cause a shift in orientation.
Only when birds were tested under different wavelengths of narrow-band light2

did their orientation exhibit a strong dependence on intensity. This complex
dependence on the wavelength and intensity of light is most easily explained by
differential activation of antagonistic spectral mechanisms that vary in both
spectral and absolute sensitivity (Wiltschko et al. 2004).

It is likely, therefore, that the light-dependent magnetic compass of
amphibians will show effects of both wavelength and intensity under at least
some lighting conditions. Nevertheless, it is unlikely that the orientation of
tadpoles under long-wavelength light can be explained exclusively by differences
in light intensity between training and testing (i.e. with no effect of wavelength).
The intensity of natural skylight varies by roughly 7 log units (10 000 000-fold)
over a 24-h period, and by 2 log units (100-fold) or more between sunny and
cloudy day time conditions (Williamson & Cummins 1983). For a magnetic
compass to be useful under natural conditions, therefore, it must provide reliable
directional information when exposed to changes in light intensity of several
orders of magnitude. Otherwise, the directional information derived from the
magnetoreceptor would change from moment to moment (e.g. when the sun is
temporarily obscured by a cloud), and over the course of the day/night. As the
tadpoles exhibited consistent directional orientation with respect to the magnetic
shoreward direction, it is evident that they had little trouble deriving consistent
information about the magnetic direction of shore during training. Moreover, the
similarity between the responses of tadpoles and newts tested under long-
wavelength light (Phillips & Borland 1992b, and this paper), suggests that the
same type of magnetic compass mechanism is found in both groups of
amphibians.

A limitation of our study is the lack of direct measurements of the spectral
distributions of the light source in the full spectrum and long-wavelength
conditions, and of natural daylight at and below the water surface. This is
essential to confirm that the long-wavelength condition represents a spectral
distribution that is not normally encountered by the tadpoles. These measure-
ments would also be valuable to confirm whether the relative intensities of short-

2 As in the newt experiments, the artificial spectral stimuli used in studies of migratory
birds are much more strongly saturated (i.e. limited to wavelengths from a specific region of
the spectrum) than any naturally occurring celestial illumination.
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and long-wavelength light under the natural and artificial lighting conditions in
these experiments are sufficient to produce differential outputs in an antagonistic
spectral mechanism. Further improvements to the experimental design would
include use of narrow bandwidth filters to produce specific combinations of
wavelength and intensity (as in Phillips & Borland 1992a, b). This approach
would enable more accurate characterization of the functional properties of the
putative magnetoreceptor.

Evidence that a common light-dependent magnetoreception mechanism
underlies magnetic compass orientation in anuran and urodele amphibians has
important implications for the evolution of this sensory ability in amphibians.
Most systematists believe that modern amphibia (lissamphibia) are a mono-
phyletic group with a common ancestor found among the temnospondyl
stegocephalians (Trueb & Cloutier 1991). Temnospondyls appeared during the
early Carboniferous (Mississippian) and reached their height during the late
Carboniferous (Pennsylvanian) and Permian periods. Unfortunately the lissam-
phibia appear much later in the fossil record (the first modern frog Vieraella
appears in the lower Jurassic), as well as exhibiting considerable morphological
differences to temnospondyls (Zug et al. 2001). As a result, the relationships
between the three modern amphibian groups of anurans, urodeles and caecilians
are unresolved. However, despite ongoing debate over the putative common
ancestor (e.g. Laurin & Reisz 1997 prefer a lepospondyl common ancestor over
temnospondyls) and the relationships within the lissamphibia (reviewed by Pough
et al. 2001), there is general support for the monophyly of the lissamphibia.
Therefore, the light-dependent properties shared between the urodele and anuran
magnetic compass suggests that this mechanism was present in the common
ancestor of the lissamphibia. The three lissamphibian orders are likely to have
diverged during the late Permian as the first protofrog Triadobatrachus is found in
the lower Triassic (Colbert & Morales 1991). Thus anurans and urodeles have
existed as separate clades for at least 250 million years.

As mentioned previously, considerable evidence has also accumulated for a
light-dependent magnetic compass in birds (see above). However, the complex
dependence of the bird magnetic compass response on the wavelength and
intensity of light makes comparisons with the more limited data available from
amphibians difficult. Further work identifying the interaction between wavelength
and intensity of light in amphibians is required before it will be possible to assess
potential evolutionary links between avian and amphibian magnetoreception.

In contrast to the evidence for light-dependent orientation in amphibians and
birds, the functional properties of magnetoreception appear rather different in the
only reptile and mammal species studied so far. Hatchling sea turtles exhibit
properties consistent with the magnetic compasses of birds and newts (i.e. an
inability to sense the polarity of the magnetic field; Light et al. 1993), but unlike
birds and newts are able to orient with respect to the magnetic field in total
darkness (Lohmann & Lohmann 1993). The effects of different wavelengths of
light on magnetic compass orientation in sea turtles have yet to be investigated
(K. Lohmann pers. comm.). Mole rats possess a magnetic compass sense that is
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light-independent and, unlike other vertebrates studied, sensitive to polarity,
properties consistent with a mechanism based on single domain magnetite
particles (Marhold et al. 1991, 1997). However, these rodents are subterraneous
and functionally blind. Loss of vision in mole rats appears to be a derived
condition associated with adaptation to life underground, which could also
explain the absence of a light-dependent magnetic compass. Characterizing the
wavelength-dependent effects of light on magnetic compass orientation in rodents
with more typical visual physiology and ecology (e.g. Siberian hamsters, Phodopus
sungorus; Deutschlander et al. 2003), and a wider range of reptile species will be
extremely valuable in determining the diversity of magnetoreception mechanisms
among the vertebrates, and the evolutionary origins of this important sense.
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Muheim, R., Bäckman, J. & Åkesson, S. 2002: Magnetic orientation of European robins is dependent
on both wavelength and intensity of light. J. Exp. Biol. 205, 3845—3856.

Phillips, J. B. 1977: Use of the earth’s magnetic field by orienting cave salamanders (Eurycea lucifuga).
J. Comp. Physiol. A. 121, 273—288.

Phillips, J. B. 1986a: Magnetic compass orientation in the Eastern red-spotted newt (Notophthalmus
viridescens). J. Comp. Physiol. A 158, 103—109.

Phillips, J. B. 1986b: Two magnetoreception pathways in a migratory salamander. Science 233,

765—767.
Phillips, J. B. 1987: Homing orientation in the eastern red-spotted newt (Notophthalmus viridescens).

J. Exp. Biol. 131, 215—229.
Phillips, J. B. & Borland, S. C. 1992a: Behavioural evidence for use of a light-dependent

magnetoreception mechanism by a vertebrate. Nature 359, 142—144.
Phillips, J. B. & Borland, S. C. 1992b: Magnetic orientation is eliminated under near-infrared light in

the eastern red-spotted newt Notophthalmus viridescens. Anim. Behav. 44, 796—797.
Phillips, J. B., Adler, K. & Borland, S. C. 1995: True navigation by an amphibian. Anim. Behav. 50,

855—858.
Phillips, J. B., Deutschlander, M. E., Freake, M. J. & Borland, S. C. 2001: The role of extraocular

photoreceptors in newt magnetic compass: parallels between light-dependent magnetoreception
and polarized light detection in vertebrates. J. Exp. Biol. 204, 2543—2552.

Phillips, J. B., Freake, M. J., Fischer, J. H. & Borland, S. C. 2002a: Behavioral titration of a magnetic
map coordinate. J. Comp. Physiol. A 188, 157—160.

Phillips, J.B, Borland, S. C., Freake, M. J., Brassart, J. & Kirschvink, J. L. 2002b: �Fixed–Axis�
Magnetic Orientation by an Amphibian: Non–Shoreward Oriented Compass Orientation,
Misdirected Homing, or Positioning of a Map Detector in a Consistent Alignment Relative to
the Magnetic Field. J. Exp. Biol. 205, 3903—3914.

Pough, F. H., Andrews, R. M., Cadle, J. E., Crump, M. L., Savitsky, A. H. & Wells, K. D. 2001:
Herpetology, 2nd edn. Prentice-Hall, New Jersey.

Rappl, R., Wiltschko, R., Weindler, P., Berthold, P. & Wiltschko, W. 2000: Orientation behavior of
Garden Warblers, Sylvia borin, under monochromatic light of various wavelengths. Auk 117,

256—260.
Ritz, T., Adem, S. & Schulten, K. 2000: A model for photoreceptor-based magnetoreception in birds.

Biophys. J. 78, 707—718.
Schulten, K. & Windemuth, A. 1986: Model for a physiological magnetic compass. In: Biophysical

Effects of Steady Magnetic Fields (Maret, G., ed.). Springer-Verlag, Berlin, pp. 99—106.
Sinsch, U. 1987: Orientation behavior of toads (Bufo bufo) displaced from breeding sites. J. Comp.

Physiol. A 161, 715—727.

253Bullfrog Light-Dependent Magnetic Compass



Sinsch, U. 1990: The Orientation Behavior of Three Toad Species (Genus Bufo) Diplaced from
Breeding Site. In: Fortschr. Zool: Biology and Physiology of Amphibians, vol. 38 (Hanke, W.,
ed.). Gustav Fischer Verlag, Stuttgart, pp. 75—83.

Sinsch, U. 1992: Sex-biassed site fidelity and orientation behavior in reproductive natterjack toads
(Bufo calamita). Ethol. Ecol. Evol. 4, 15—32.

Solessio, E. & Engbretson, G. A. 1993: Antagonistic chromatic mechanisms in photoreceptors of the
parietal eye of lizards. Nature 364, 442—445.

Trueb, L. & Cloutier, R. 1991: A phylogenetic investigation of the inter- and intrarelationships of the
Lissamphibia (Amphibia: Temnospondyli). In: Origins of the Higher Groups of Tetrapods –
Controversy and Consensus (Schultze, H-P. & Trueb, L., eds). Comstock Publishing Associates,
Ithaca, NY, pp. 223—313.

Williamson, J. S. & Cummins, H. Z. 1983: Light and Color in Nature and Art. Wiley, New York.
Wiltschko, W. & Wiltschko, R. 1972: Magnetic compass of European robins. Science 176, 62—64.
Wiltschko, R. & Wiltschko, W. 1995: Magnetic Orientation in Animals. Springer-Verlag, New York.
Wiltschko, R. & Wiltschko, W. 1999: The effect of yellow and blue light on magnetic compass

orientation in European robins, Erithacus rubecula. J. Comp. Physiol. A. 784, 295—299.
Wiltschko, W. & Wiltschko, R. 2001: Light-dependent magnetoreception in birds: the behaviour of

European robins, Erithacus rubecula, under monochromatic light of various wavelengths and
intensities. J. Exp. Biol. 204, 3295—3302.

Wiltschko, W., Munro, U., Ford, H. & Wiltschko, R. 1993: Red light disrupts magnetic orientation of
migratory birds. Nature 364, 525—527.

Wiltschko, W., Wiltschko, R. & Munro, U. 2000a: Light-dependent magnetoreception: Does
directional information change with light intensity? Naturwissenschaften 87, 36—40.

Wiltschko, W., Wiltschko, R. & Munro, U. 2000b: Light-dependent magnetoreception in birds: the
effect of intensity of 565 nm green light. Naturwissenschaften 87, 366—369.

Wiltschko, W., Gesson, M., Stapput, K. & Wiltschko, R. 2004: Light-dependent magnetoreception in
birds: interaction of at least two different receptors. Naturwissenschaften 91, 130—134.

Zug, G. R., Vitt, L. J. & Caldwell, J. P. 2001: Herpetology: an Introductory Biology of Amphibians
and Reptiles, 2nd edn. Academic Press, San Diego.

Received: July 11, 2004

Initial acceptance: August 19, 2004

Final acceptance: August 19, 2004 (S. A. Foster)

254 M. J. Freake & J. B. Phillips


