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MAGNETIC MIGRATIONS 

New findings about a sixth-magnetic-sensory system are solving longstanding mysteries of animal migration.  

by Dan Grossman and Seth Shulman      

Few events mark the rhythms of nature more clearly or more beautifully than the return of migratory songbirds each spring. In a matter of weeks, just before New England's dormant trees renew their green canopy, flocks of warblers, sparrows, and other long distance migrants will arrive by the thousands from destinations as far off as Patagonia [CK].

But while the marathon migrations are a perennial delight for bird lovers, they have posed a persistent riddle to generations of scientists. In his three decades as a biologist at J.W. Goethe University in Frankfurt, Germany, for instance, Wolfgang Wiltschko says he has never ceased to be awed by the migratory feat of the garden warbler. Each fall, this bird flies thousands of miles from northern Scandinavia to southern Africa passing over the Mediterranean, the Sahara desert and tropical rain forests.  Come spring, Wiltschko marvels, the tiny warbler "returns practically to the backyard where it started."  How do these and other migratory birds know where to go?

In 1965, Wiltschko, was the first researcher to demonstrate that birds, in the absence of other navigational clues, can chart their way by detecting the earth's magnetic field. In a now-classic experiment, Wiltschko and his graduate advisor Friedrich Merkel found that European robins, deprived of a view of the sky, consistently attempted to escape their cages in a southwesterly direction--the same direction they would head to migrate if free. Tracking the birds' scratches on sheets of typewriter correction paper at the bottom of specially designed cages, the two researchers also found that they could make the robins change this preferred escape route by exposing them to an altered, artificial magnetic field.

Since this startling finding, researchers have gathered evidence suggesting that organisms throughout the animal kingdom--from bacteria to butterflies--can sense magnetic fields. Animal phenomena as diverse as the construction of beehives and the migratory habits of red-spotted newts have been associated with magnetic sensing. One hotly disputed series of trials even appears to show that humans can sense the earth's magnetic field and use it for orientation. But two key questions remain to be answered definitively: how do animals detect magnetism, and how, exactly, do they use this information to navigate? The latest research by Wiltschko, his research-partner and wife Roswitha, and many others may finally be making inroads to crack open these mysteries.

Produced inside the planet's core, the earth's magnetic field appears at the surface much like someone had inserted a huge bar magnet (like the ones used to attach messages to refrigerators) through the globe's axis from pole to pole. While the magnetic field is ubiquitous on earth, it is weak in contrast to fields easily produced in the laboratory or even at home--more than one hundred times weaker than the field strength near a child's toy magnet.

Wiltschko's contention that animals could make use of such weak magnetic signals to navigate was initially greeted with widespread skepticism within the scientific community. Gradually, however, researchers elsewhere confirmed the finding--first in other birds, and later in unrelated species. Then, in 1979, a team at Princeton University led by Joseph Kirschvink discovered the presence of magnetite--a natural magnetic crystal--in the brain of a pigeon. (The team would later find the substance in the brains of many other species as well, including humans.)  Kirschvink, now a professor at the California Institute of Technology in Pasadena, says the detection of magnetite in the brains of birds and other species "opened up a whole new ball game." He and his colleagues initially postulated that substance served as a kind of permanent magnet in the brain of many animal species.

Like a compass needle, the theory held, such a magnet would align with the Earth's magnetic poles and create a force inside the animals' brain that could somehow be detected by the nervous system. Animals would use the information to chart a compass heading just as a girl scout follows a bearing from a hand-held compass. In the case of a bird, for example, researchers postulated that change in forces could be somehow felt or "read" as it flew in and out of alignment with the Earth's magnetic field. But while the discovery of magnetite inside animal brains seemed to resolve how long-distance migrants charted their way, it left other questions begging.

One of these unanswered questions involves the garden warbler, whose migration includes features that cannot be explained by compass orientation alone. In its winter flight from Europe, for example, the bird heads southwest from Germany until it passes over Spain, at which point--even at night, or under cloudy skies--it knows to shift its course southeastward across Africa. As Wiltschko explains, to accomplish such carefully timed changes of course, "a migrating animal requires two main pieces of information: compass information to find, and maintain, direction, and map information to work out where it is and where it wants to go."

In one of the key areas of magnetic sensing research today, researchers have focused on how animals might perceive such map information to chart their voyages. With one of the longest and most spectacular migrations known, one species of particular interest is the sea turtle. Moments after they crawls from nests on Florida beaches, loggerhead sea turtles, for example, follow the Gulf Stream in a huge circle--or gyre--around the Atlantic. Then, despite confounding ocean currents and without reference to landmarks, the turtles somehow manage to return years later to nest on the same Florida beaches where they were born. Because these turtles receive virtually no reliable visual cues and because the information derived from a simple compass could not possibly explain the complex course changes of the turtles' migrations, they have been eagerly studied by Ken and Cathy Lohmann, a husband and wife team of biologists at the University of North Carolina. As Ken Lohmann puts it: "Sea turtles represent a spectacular system for breaking apart issues of animal migration."

As the Lohmanns' recent work shows, the key to the turtles' map sense may lie features of the earth's magnetic field that contain much more information than simple compass bearings. One of these features is called the inclination, or dip angle of the field. The fact is, the angle between the earth's magnetic field and the earth's surface changes subtly as you travel from north to south, as does the field's intensity.  At the magnetic poles, where the field is strongest, the inclination angle stands at 90 degrees-- perpendicular to the ground--whereas at the magnetic equator which roughly follows the geographic equator, the slightly weaker field has an inclination of 0--parallel to the ground. If an animal could detect these subtle variations, they could offer a good indicator of latitude that might provide migrants with navigational cues. But is such subtle positioning information actually sensed by animals?

In an ingenious set of experiments, the Lohmanns have found the first conclusive evidence that an animal species can, in fact, sense the inclination angle of the earth's magnetic field.

In their study, the Lohmanns took just-hatched loggerhead sea turtles, put them in small, lycra bathing suits and tethered them with a piece of fishing line to what they call their "turtle tracking system." The line attaches to a swinging arm--much like that on a phonograph--that sits atop a pivot in the middle of a cylindrical tub of water. Adjusting the electric current flowing through a cage-like structure surrounding the tub to subtly alter the magnetic field, the Lohmanns can finely mimic the various conditions the turtle's find on their migratory journey. The researchers track the turtles' movements on a computer to determine their sensitivity to different magnetic variables.

In a recent experiment, reported in the Journal of Experimental Biology, the Lohmanns discovered unexpected changes in the turtles' directional preferences as they varied the field inclination at regular intervals intervals. At 60 degrees--closely matched with the inclination of the turtles' natal beach--the hatchlings demonstrated a surprising preference to swim south. "We were surprised and very excited by this finding," Cathy Lohmann explains. "Since the beach here is at a 57-degree inclination, we expected that, if we found a preference, it would be for the turtles to swim east--as they do from departing from the Florida coastline."

They repeated the trials, convinced they must have made a mistake. But the results were unmistakable. Finally, the two scientists referred to a map charting the inclination--or dip angle--of the globe's magnetic fields. There they discovered that the detection of a 60-degree inclination in the magnetic field becomes crucially important at the top of the gyre--off the coast of Great Britain. At this point, the Gulf Stream forks. If the turtles don't swim south in the southern branch, the Lohmanns reason, they could be washed north and die in the deadly cold of the North Atlantic waters.

The Lohmanns work offers strong evidence that inclination may play a role in animal migration--at least among sea turtles. But how do these animals detect such subtle magnetic information? One particular problem is that a permanent magnet like the one conceived of originally by Kirschvink and others, would likely confound any receptors sensitive enough to detect subtle changes of inclination or intensity. As John Phillips, a specialist in magnetoreception at the University of Indiana explains, while large particles of magnetite in the brain might accomplish the needs of what he terms a "whopping big compass needle," a magnetic map sense would require enough sensitivity to detect a much weaker magnetic field. 

Phillips is part of a growing group of researchers who favor an alternative explanation for how animals perceive magnetism: a so-called photoreceptor system that resides in the eye. According to the theory, certain molecules in the eye are stimulated to an excited state by energetic wavelengths of light. These excited molecules are electrically polarized and so act momentarily like bar magnets. In theory, excited photoreceptors could temporarily convert eyes to magnets with which animals could perceive or "see" magnetic field lines.

Helping to lead the way in research on both inclination and photoreceptor theories are none other than the Wiltschkos (see accompanying profile). In research on a European [CK] bird called the pied flycatcher, for instance, the Wiltschkos and several other researchers found that the birds shifted their migratory route when exposed to a sequence of changes in both magnetic field intensity and inclination that mimicked changes they find on their journey. When the flycatchers were maintained in an invariant field identical to that found at the starting point of the migration, however, they failed to shift  their orientation as they would during their migration.

The Wiltschkos have also gathered tantalizing evidence supporting the photoreceptor theory. Along with a team of researchers in Australia, the Wiltschkos have found that the sensitivity to magnetic fields in a migratory bird called the Australian silvereye appears to be affected by the presence of light. Each fall, the silvereye migrates from Tasmania to the warmer Australian mainland. In the Wiltschkos' study, the silvereyes exposed to white, blue, or green light attempted to escape their cages in the direction in which they would migrate--north-northeast. But the direction of escape was random in silvereyes exposed to red light. It is too early to say conclusively, but the finding suggests that a pigment molecule in the bird's retina may double as a detector of magnetism in the bird. The researchers believe that the inability to orient properly in red light could be because red light contains insufficient energy to excite the photoreceptor molecules.

The Wiltschkos also tried to prove that this species did not navigate using magnetite  They exposed silvereyes birds to short but intense bursts of magnetism, under the assumption that the burst would be too short to be used by an optical pumping mechanism but strong enough to magnetize a piece of magnetite if that was how birds detected the magnetic field..

The results were surprising. The silvereyes were able to detect the magnetic pulses. "The experiment was designed to choose between the two hypothesis," says Wolfgang Wiltschko. "But it was a clear yes on both." 

Roswitha Wiltschko acknowledges that research on how animals sense magnetism "is still young." But though the answer to these conundrums of animal navigation are as of yet unsolved, she says, "in the next few years we will finally know."

Flights of Fantasy: How Roswitha and Wolfgang Wiltschko Have Ruled the Roost for Thirty Years

In a recent tour of their basement laboratory in Frankfurt, Germany, the husband-and-wife team, Roswitha and Wolfgang Wiltschko discuss their three decades of research on how birds navigate. Various pieces of equipment, including cages with colored lights and the so-called Emlen funnels used to record the routes of birds as they try to scratch their way out of captivity, are being readied for this season's trials. A draft of the Wiltschkos' recently completed magnum opus, Magnetic Orientation in Animals, gathering for the first time in a single book research on magnetic navigation throughout the animal kingdom, lies open on a desk. And adorning the walls are photos Wolfgang Wiltschko snapped while engaging in his favorite hobby: birdwatching. "I'm not a lister," he says, referring to the lists some birders compile of species they've identified. But he and his wife do make regular visits to many far-flung bird habitat's, including an annual visit to Austria's Lake Neusiedler.

The Wiltschkos met on the very first day of Roswitha's undergraduate career at the J.W. Goethe University near downtown Frankfurt. Wolfang was a doctoral candidate. They were birds of a feather, she says, from the very start. "He told me enthusiastically about the wonderful work he was doing with migratory birds," she recalls, "and so I got interested too." Soon she was helping him tend his birds, but later she conducted her own study on how homing pigeons take navigational cues from the sun. 

Roswitha Wiltschko says sheer wonder at the feats of migratory birds attract them to the research. "Its impressive," says Wolfgang Wiltschko, that birds like the tiny garden warbler "migrate thousands of miles and come back to your own yard."

Wolfgang Wiltschko views his subjects through a pair of deeply inset eyes and behind a full grey beard and bushy mustache. His discovery of magnetic sensing in birds, he says, was a complete accident. Previous researchers had proven that birds could navigate by the sun and stars, but at the time no one could explain how birds made their way on overcast nights. His initial theory was that birds sensed radio waves from stars, so the fledgling researcher began a series of trials in a basement vault that completely shielded robins from radio signals. "Suddenly these birds were orienting themselves very well," says Wiltschko, recalling his amazement that the birds' behavior was unhampered by the sensory deprivation. "It was really exciting." He concluded that the birds sensed the only navigational cue that penetrated the cell's steel walls: magnetism.

Now a professor of biology at Goethe University, Wiltschko still fondly remembers his very first research subject, a European robin. Known in the experiment's nomenclature as R2, the bird insisted on heading south as it would have in the wild--despite the apparent absence of navigational cues in the steel vault. Since this initial research, the Wiltschkos have subjected scores of birds to similar experimental conditions to confirm this result. But he says no other bird in this early experiment ever followed a magnetic heading as consistently as R2. "It was as if it was trying to show me," he recalls with an impish cackle.

Wiltschko took the hint, but a skeptical scientific community was not initially receptive to R2's message. Wiltschko sent a research paper to the respected American journal Science but, he says, "they turned it down immediately." So this seminal paper on magnetic navigation was published, instead, in Die Vogelwarte, a small German journal of ornithology. Researchers elsewhere have since replicated the findings not only in birds but in dozens of species as distinct as bacteria and honeybees. "Things are much better," says Wolfgang Wiltschko who, along with his wife now publishes findings in the world's most highly regarded journals, including Science and the British journal Nature. "They just kept gnawing at the problem," says Princeton University biologist James Gould of the persistent, painstaking research the Wiltschkos conducted before gaining widespread acceptance of their theories. "They're reaping the harvest now."

Like other students of animal navigation, the Wiltschkos are currently trying to pinpoint the mechanism animals use to detect magnetism, and are seeking more information about exactly how animals use Earth's field to determine their position. In the fall, the two researchers plan a series of trials with an Australian bird called the silvereye to test the theory that certain animals use not one but two sensory systems for sensing magnetism: one relying on tiny magnetic particles located in the brain and the other situated in the eye and stimulated by light. Roswitha Wiltschko says "some major questions have not yet been answered." But, she adds, "knowledge is really increasing rapidly."

