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Earthquake Prediction by Animals. Evolution and Sensory Perception

by Joseph L. Kirschvink

Abstract Animals living within seismically active regions are subjected episod-
ically to intense ground shaking that can kill individuals through burrow collapse,
egg destruction, and tsunami action. Although anecdotal and retrospective reports of
animal behavior suggest that although many organisms may be able to detect an
impending seismic event, no plausi ble scenario has been presented yet through which
accounts for the evolution of such behaviors. The evolutionary mechanism of ex-
aptation can do this in a two-step process. The first step is to evolve a vibration-
triggered early warning response which would act in the short time interval between
the arrival of P and S waves. Anecdotal evidence suggests this response already
exists. Then if precursory stimuli also exist, similar evolutionary processes can link
an animal’ s perception of these stimuli to its P-wave triggered response, yielding an
earthquake predictive behavior. A population-genetic model indicates that such a
selsmic-escape response system can be maintained against random mutations as a
result of episodic selection that operates with time scal es comparable to that of strong
seismic events. Hence, additional understanding of possible earthquake precursors
that are presently outside the realm of seismology might be gleaned from the study
of animal behavior, sensory physiology, and genetics. A brief review of possible
seismic precursors suggests that tilt, hygroreception (humidity), electric, and mag-
netic sensory systems in animals could be linked into a seismic escape behaviora
system. Several testable predictions of this analysis are discussed, and it is recom-
mended that additional magnetic, electrical, tilt, and hygro-sensors be incorporated

into dense monitoring networks in seismically active regions.

Introduction

One of the major goals of seismology is to determine
whether fault zones generate any hint of impending earth-
guakes. Recent discussionsin theliterature on thistopic have
been mixed, with some question as to whether large earth-
guakes are by their very nature unpredictable (e.g., Geller,
199143, 1991b; Geller et al., 1997a, 1997b), or whether we
simply need amore complete record of geophysical and geo-
chemical datain earthquake prone areas (Park, 1996; Aceves
and Park, 1997). Unfortunately, data of this sort has gathered
dowly due to the rarity of large seismic events, the limited
spatia distribution of continuously recording instruments,
and the large number of variables that could be recorded.

It is clearly impractical and prohibitively expensive to
record continuously arandom variety of physical and chem-
ical parameters near all possible earthquake epicenters. Even
focused work on the San Andreas Fault at Parkfield, Cali-
fornia, which was the probable epicenter of the 1857 Fort
Tejon earthquake (Sieh, 1978) and the site of semiperiodic
magnitude 6 earthquakes (Bakun and McEvilly, 1984) dem-
onstrates the cost and elusive nature of this recording prob-
lem (Roeloffs and Langbein, 1994). Hence, virtually all in-
ferences about possible precursory phenomena must come
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from the occasional lucky observation or must be gleaned
from anecdotal reports obtained after the fact. In an attempt
to systematically evaluate such observations, the Interna-
tional Association of Seismology and Physics of the Earth’s
Interior (IASPEI) organized a subcommission on earthquake
prediction with the task of evaluating these precursory
events through a peer-review process and creating a prelim-
inary “List of Significant Precursors’ (Wyss, 1991; Wyss
and Booth, 1997), commonly referred to as the “List.” Be-
tween 1989 and 1997, atotal of about 40 nominations were
made and evaluated by this subcommittee. The five cases
placed on the preliminary List included foreshocks, presh-
ocks, seismic quiescence before large aftershocks, radon de-
creases in ground water, and ground water level increases
(Wyss, 1997). Six of the nominations that were not accepted
for the List in the first two rounds dealt with various elec-
tromagnetic phenomena.

Given these difficultiesin directly measuring preseismic
phenomena, it seems worth asking whether information
about seismic precursors might be available from a totally
different, nongeological source: anima behavior. No nom-
inations for the IASPEI List were considered involved data
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from animal behavior, although the topic has certainly gen-
erated past interest (e.g., Gans, 1976; Tributsch, 1982).
Claims of human sensitivity prior to earthquakes have also
muddled this field, perhaps irreparably, given some of the
patently absurd claims that have been made (e.g., headaches
in northern California predicting earthquakes in Nicaragua,
as described by Clarke, 1996). In discussions with geophys-
ical colleagues, a commonly raised objection to the concept
that animals might detect earthquake precursors is the fact
that the life spans of most animals are much shorter than the
typical repeat time of large seismic events. Hence, they are
unlikely to remember any precursory signals. However, ani-
mal behavior is particularly susceptible to genetic control,
so much so that an entire scientific journal, Behavior Ge-
netics, is devoted to the topic. Through the course of random
mutation and natural selection, rare events that episodically
kill or reducethefitness of even asmall fraction of the breed-
ing individuals of a species can lead to the evolution of
mechanisms to avoid such mortality—this is best known in
the case of disease. Organisms can also evolve behaviors
that enhance survival and fitness, such as the well-known
escape responses from predators and fire. Many of these in-
volve sophisticated pattern recognition abilities. Work dur-
ing the past 50 years has demonstrated that a large number
of complex behavioral responses exhibited by animals are
in fact under genetic control. Behavioral genetic systems,
like all genes, are ancient fossils that preserve information
that has helped survival of the lineage over the past 3.5 bil-
lion years. Behaviors as complex as the honeybee waggle
dance language are instinctive, appearing spontaneously
even in populations of the insect raised without the benefits
of experienced, adult worker bees. Many examples are
known where a sensory input (through vision, hearing,
touch, smell, etc.) elicits a “fixed-action” response, causing
an immediate and essentialy involuntary, reflex-like reac-
tion. These range from escape responses to mating behavior,
and they occur in animals as diverse as flatworms, insects,
and mammals. Note that behaviors of this sort are not
learned—they are inherited, shaped through the long, slow
process of random mutation and natural selection. Itisthere-
fore not necessary for the event that triggers the response to
have happened within memory of any living individuals
within a given population. The proper question is therefore
best expressed within the context of population genetics: Is
it reasonable for a sei smic-escape behavior patternto evolve,
and can such a genetic system be maintained in the face of
selection pressures operating on the time scales of damaging
seismic events?

Previous biological analyses dating back to the mid-
1970s concluded that an innate (genetically based) seismic-
escape response was unlikely to have evolved in animals,
due to the impression that earthquakes were “ . . . too rare
to establish a selective advantage that might permit genetic
fixation of such a characteristic,” and the question of “ . . .
whether most species could take successful evasive action
even if they had advanced knowledge of animpending earth-
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quake’ (Gans, 1976). Both of these concerns need re-eval-
uation. First, in 1975 we had only rudimentary knowledge
of the frequency of moderate and large seismic events. In
California and many other areas we now realize that great
earthquakes occur with average repeat intervals of 100 years
or so (Dolan et al., 1995; Sieh, 1996). Although moderate
earthquakes of M ~ 6+ affect smaller geographic areas,
they are more numerous and may dominate thelocal seismic
hazards for an area. Furthermore, zones of high seismic ac-
tivity have existed on Earth for at least the past two billion
years or more, as they are a byproduct of plate tectonic pro-
cesses. A small selection pressure acting over avast interval
of geological time can be just as effective at gene fixation
as is stronger selection acting over a shorter time interval.
Second, evasive action can, in many instances, reduce mor-
tality during an earthquake. Earthquakes can kill animals or
reduce their fitnessin avariety of ways, from direct physical
shaking (e.g., causing burrows to collapse, shaking eggs out
of nests, breaking honeycomb, etc.) to indirect action of
mudslides and tsunamis. Fitness can aso be reduced in the
interval after an earthquake as a result of the disruption of
normal behavior from aftershocks. For many organisms, be-
havioral action taken prior to an earthquake could reduce
mortality: fish and cetaceans leaving coastal zones, rodents
exiting from collapsible burrows or dwellings, bees swarm-
ing, parents delaying egg-laying, etc.

Thisarticle stemsfrom similaritiesin thislist of possible
pre-earthquake behavior to those unusual behaviors which
have been reported for animals in the days, hours, and min-
utes prior to an earthquake. The book by Tributsch (1982)
documents many of these observations in depth on a global
scale. The similarity of behaviors reported by cultures as
diverse asthosein the Middle East, South America, and Asia
lends at least some credibility to the hypothesis that a bio-
logical earthquake warning and/or prediction system may
exist. If so, there must be a plausible route by which such a
system could have evolved.

One major process through which complex biological
systems evolve is to take an existing genetic pattern that
evolved for onefunction and to link or adapt it for adifferent
role. The new system is then gradually debugged and im-
proved through the process of random mutation and natural
selection. This evolutionary pattern has been termed exap-
tation (Gould and Vrba, 1982). For a seismic-escape re-
sponse to develop in this fashion, an organism would need
to combine an existing escape, panic, or “exit from the bur-
row” behaviora pattern with one or more appropriate sen-
sory inputsto trigger the reaction. This reduces to three fun-
damental questions: (1) Has anything like a seismic-escape
response aready been established in the behavioral genetic
repertoire of animals? If so, how could it have evolved? (2)
Arethere occasional precursory physical or chemical events,
detectable at the surface of the earth, which might signal an
impending earthquake? If so, have animals evolved the sen-
sory abilities needed to detect them? (3) Can such aseismic-
escape response gene system be maintained within a popu-
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lation in the face of random mutation and genetic drift
between significant seismic events? Each of these questions
is addressed in this article.

Has a Seismic Escape or “Early Warning” Response
Already Evolved?

Virtualy al animals possess instinctive responsesto es-
cape from predators and (for land animals) from fire; in hu-
mans these responses are known as panic and are associated
with the rapid release of adrenaline, which heightens sensory
awareness and temporarily blocks sensation of pain. Nu-
merous observations exist of animals displaying panicinthe
few seconds prior to the onset of strong ground shaking.
Tributsch (1982) lists many such examples, including dogs
barking, nervous cats jumping out of windows, birds
screaming, rats running out of their holes, bees swarming,
etc. Such behavior immediately prior to an earthquakeis not
difficult to explain, as seismic P waves travel faster through
the crust than the associated S waves by roughly 2—4 km/
sec. If organisms are sensitive enough to detect vibrations
accompanying the arrival of P waves, that sense could pro-
vide enough of a warning to trigger a death-avoiding re-
sponse immediately prior to the arrival of the more damag-
ing S waves. Only in very close proximity to the epicenter
will the shaking start without appreciable warning. As mod-
erate to large earthquakes like Loma Prieta can cause lig-
uefaction at distances of 50+ km (Pease and Orourke,
1997), it is reasonable to infer that burrow collapse could be
triggered in loose topsoil at greater distances. Hence, ani-
mals that live tens of kilometers from the epicenter have
severa seconds after detection of the P wave to escape the
effects of the energetic Swaves. Although anecdotal in na-
ture, these observations support the hypothesis that a poten-
tial selsmic-escape response is present in the behavioral rep-
ertoire of animals, and that it can be released at least by the
sensory perception of low-frequency vibration.

In the case of P wave arrivals, the sensory ability that
triggers the seismic-escape response is clearly acoustical or
mechanical in nature, and it is even felt by humans on oc-
casion (K. Sieh, personal comm., 1998). At least someextant
rodents (e.g., California kangaroo rats) use low-frequency
seismic “footdrumming” as a method of communication be-
tween burrows to mark territorial boundaries and to notify
predatory snakes that their presence has been discovered
(Randall, 1997; Randall and Lewis, 1997; Randall and Ma
tocq, 1997). As both snakes and rodents have the ability to
detect and respond to these vibrations, and sensory systems
are in general highly conserved, the ability to detect these
low-frequency signals was probably present in the last com-
mon ancestor of reptiles and mammals. It may well be a
primitive feature of all vertebrates.

The evolution of a P-wave triggered seismic-escapere-
sponse is not difficult to conceive, particularly via the pro-
cess of exaptation previously described. A cursory survey of
the field of neurophysiology demonstrates that predator—
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prey interactions are largely responsible for driving the abil-
ity of animals to detect environmental signals almost down
to the thermal noise limit (Block, 1992). Evidence of pred-
atory activity in the fossil record extends back to the latest
Precambrian at about 545 My ago, as indicated by preda
torial borings in the shells of the first primitive mollusks
(Bengtson and Zhao, 1992). Given the enormous selection
pressure of predator—prey interactions, evolution should
have perfected the auditory and tactile sensitivity of animals
to the point where P-wave arrivals could be perceived within
ageologically short interval of time. Evolutionary exaptation
of these senses to yield a seismic-escape response would
then be avery small change, linking these two existing sys-
tems (vibration sensitivity and predator escape) to yield a
new behavior that minimizes mortality from seismic activity.
As a wide variety of vertebrates (from fish to mammals)
display behaviors consistent with the presence of this basic
system (Tributsch, 1982), it probably evolved prior to mid-
Ordovician time.

Are There Other Physical or Chemica Events at the
Earth’s Surface That Signal Impending Earthquakes,
and Is It Plausible for Animals To Detect Them?

Once a P-wave-triggered seismic-escape system is in
place (e.g., it reaches genetic fixation within a population),
a similar process of exaptation can occur to link it to any
other sensory signals that an animal might perceive prior to
an earthquake. This step, if it has occurred, represents the
transition from an early warning response to a true predic-
tive response. My reasoning is as follows. Close to an earth-
quake epicenter, the P waves may be energetic enough to
cause liquefaction and burrow collapse on their own, prior
to arrival of the S waves (Lin, 1997). In these areas, a P-
wave-triggered response alone would not be of much use for
avoiding or minimizing seismic effects. On the other hand,
if there are other precursory signals within the realm of an
animal’ s sensory perception, then random genetic mutations
in the behavioral genes may occasionally link detection of
this signal to the P-wave-triggered early warning response.
This evolutionary exaptation could then be refined and im-
proved by natural selection. During the past billion years,
this may have happened many times, in many disparateline-
ages, depending upon how good an organism’ s sensory per-
ception processes had become.

As already noted the IASPEI preliminary list of signifi-
cant earthquake precursors includes five geophysical nomi-
nations, three of which are seismic in nature (foreshocks,
preshocks, and seismic quiescence before major after-
shocks). The other two relate to a decrease in radon concen-
tration and an increase in ground water levels (Wyss, 1997).
As noted by Wyss (1997), this list does not preclude the
existence of other geophysical or geochemical precursors; it
simply represents the set of lucky observations obtained so
far that meet minimal thresholds for statistical reliability.
The problem at hand isto try to extend these suggestionsin
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a fashion which may lead to testable predictions concerning
animal behavior.

For this purpose it is useful to examine the set of ancil-
lary cases (some of which have not yet been nominated for
the |ASPEI consideration) aswell asthe admittedly anecdotal
descriptions of animal behavior prior to earthquakes. Note
that the goal of this exercise is not to nominate these for
IASPEI consideration, but to encourage experimental tests of
the relevant stimuli on suitable animal populations to see if
they are capable of releasing panic-like seismic-escape be-
havior. Viewed from this perspective, at least four possible
candidates for animal sensitivity can be gleaned: (1) ground
tilting, (2) humidity changes, (3) electrical currents, and (4)
magnetic field variations. These are considered in detail
next.

Ground Tilting

Apparent tilt precursors prior to strong earthquakeshave
been reported in Japan and China, and several wereincluded
in formal 1ASPEI hominations (e.g., cases 5, 6, and 16 re-
viewed in Wyss [1991]). However, the magnitude of these
precursors appear to be in the range of afew micro-radians,
acting over several hours before the earthquake. In the ver-
tebrates, the vestibular system in the inner ear is the main
organ that mediates the detection of verticality, and the sen-
sitivity of this response has been best studied in humans.
Using a joystick-controlled gymbol system Bisdorff et al.
(1996) found that normal human subjects typically needed
tilts of 6° (~0.1 radian) or more from verticality to respond
to this stimulus. Humans are therefore unlikely to detect tilt-
ing prior to earthquakes. On the other hand, many organisms
have much better vestibular systems than do humans. Ana-
tomically, these are particularly well developed in subter-
ranean rodents as compared to aboveground rats (Linden-
laub et al., 1995), and the use of a high-resolution vertical
sensitivity as part of amulti-component navigational system
in animal homing has been suggested seriously (Phillips,
1996). Unfortunately, few behavioral measurements of tilt
sensitivity have been made in nonhuman animals, so there
are at present no published data capable of refuting the hy-
pothesis that animals close to an epicenter could detect an
impending event in thismanner. Also, shallow soilsare often
subjected to compaction and other nonseismic deformation,
which add noise to any signal an anima might want to de-
tect. On the other hand, extraordinarily accurate tilt meters
are inexpensive and easy to implement (Westpha et al.,
1983).

Humidity Changes

The recognition that changes in groundwater level
might sometimes provide clues to an impending earthquake
suggests that associated changesin local humidity might be
detected by animals. If the groundwater level rises signifi-
cantly due to preseismic dilatancy, it must displace air from
the pore spaces in the process. This moist air would then
escape upwards and increase the humidity of air in soil and
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burrows, and perhaps in the surface boundary layer on top
of the soil. If water level changes are detectable in ground-
water wells, it ought to be similarly detectable via humidity
measurements in the soil.

The process of humidity reception in animals is known
as hygroreception. Spiders and insects possess hygrosensen-
sitive sensilla that consist of specialized receptor cells with
hygroscopic hair-like structures that detect humidity and/or
temperature fluctuations (Sayeed and Benzer, 1996; Tichy
and Loftus, 1996). Vertebrates appear to detect humidity
through their olfactory system. Controlled laboratory exper-
iments have shown that desert rodents are able to detect seed
caches buried in dry sand based on variations of only afew
percent of their water contents (Vanderwall, 1993).

Animal detection of impending earthquakesthrough hy-
groreception might therefore be possible in arid environ-
ments. It is, however, difficult to see how this method would
work in rainy areas like Japan, which have uniformly high
levels of humidity both in the soil and the air. It is also
difficult to understand how the pattern of a preseismic hu-
midity change would differ from that generated by an im-
pending storm. On the other hand, Tributsch (1982) notes
that some of the behaviors displayed by animals before
earthquakes resemble their prestorm behavior, so this may
be a component in their preseismic behavior. Digital hy-
grometers are on many commercially available home hu-
midifying systems, and would be inexpensive to put in the
field.

Electrical Currents

The presence of electrical and optical precursors prior
to earthquakes is at present an area of intense, if controver-
sial, research. Specific claims have been made in Greece of
successful predictions, but the seismic community is under-
standably skeptical (see the May 27, 1996, issue of Geo-
physical Research Letters, which was devoted to this VAN
technique). However, the existence of “earthquake lights’
associated with seismic events has been noted and discussed
often (Derr, 1973; Lockner et al., 1983; Hedervari and Nosz-
ticzius, 1985; Lockner and Byerlee, 1985; Derr and Persin-
ger, 1986; Ouellet, 1990). Earthquake lights were photo-
graphed during the extensive 1966 earthquake swarm in
Matsushiro, Japan (Derr, 1973, 1986), and in southern
Washington state (Derr and Persinger, 1986). Derr (1973)
notes that lights have been reported before, during, and after
the earthquakes. Although laboratory studies of rock fracture
suggest optical emission via an exoelectron excitation pro-
cess (Brady and Rowell, 1986), good explanations for how
the atmospheric luminescence can persist for periods of sev-
eral minutes have not been provided. Presumably, some
form of crack propagation coupled with ion flow and perhaps
fluid movement could be responsible for both electrical and
optical effects.

In terrestrial animals, electrical sensitivity israther low
compared to marine or freshwater animals due to the high
resistivity of air. High voltages are perceived through the
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secondary effects of shock and/or the electrostatic action on
feathers or hairs. In contrast, aquatic animal's such as sharks,
rays, and some fish often have exquisite electrical sensitivity
due to specialized organs used both for communication and
prey location (Bullock, 1982). In the elasmobranch fish
(sharks and rays), a specialized receptor system in the am-
pullae of Lorenzini has, in fact, reached the thermal noise
limit with the ability to perceive nanovolt changes in elec-
trical fields (Kamijn, 1974); these are comparable to the
voltage of a flashlight battery applied across the Atlantic
Ocean. Thus, the extensive reports reviewed by Tributsch
(1982) suggesting an electrical link to anomalous behavior
in fish before earthquakes merits serious experimental con-
sideration, and could well have been incorporated into prese-
ismic behaviora triggering in these and other aquatic ani-
mals. Similarly, nocturnal animals would have no difficulty
detecting earthquake lights by simple visual signals. If some
of these signals happen prior to significant seismic events,
exaptation could link them to a pre-existing escape response.

Magnetic Field Variations

Ultra-low frequency (ULF) magnetic field variationsare
perhaps the least understood class of possible earthquake
precursors, representing about 6 of the 40 nominated cases
inthe IASPEI List (Wyss, 1997); none has yet made the short
List. Many other examples and thorough discussions of pos-
sible mechanisms for producing these magnetic precursors
have been reviewed (Park et al., 1993; Park, 1996; Mueller
and Johnston, 1998). Furthermore, as noted later, some stud-
ies have employed proton-precession magnetometers that
are not capable of recording the most interesting data in the
.01-5 Hz region (e.g., Mueller and Johnston, 1998). Most of
these studies arose from luck—magnetic observatories just
happened to be recording some features of the geomagnetic
field for other reasons when the earthquake occurred, and as
such they often experienced power failures and data gaps as
aresult. (Coseismic dataloss is one factor preventing inclu-
sion on the formal List.) It should be noted that a major
problem with recording ULF magnetic signals of thissort is
that the magnetic field anomalies tend to follow an inverse
cube power law with distance from the source, as expected
from a dipole. Hence, meaningful data can only be obtained
when recording instruments with adequate sensitivity and
bandwidth just happen to be present very close to the epi-
central area. Two of these lucky observations include the
recording of apersistent 23 nT magnetic field anomaly afew
days prior to the 1978 M, 7.0 Alay earthquake (Shapiro and
Abdullabekov, 1982; Park et al., 1993), and a very fortui-
tous, broadband spectral recording of the 1989 M. 7.1 Loma
Prieta earthquake made by a group at Stanford University
(Fraser-Smith et al., 1990; Bernardi et al., 1991).

As noted later, the Alay and Loma Prieta events are
particularly important for the question of earthquake predic-
tion by animals, as the precursory signals lie within, or very
close to, the measured behaviora threshold limits for mag-
netic field perception by animals. The Loma Prieta data par-
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ticularly merit detailed discussion here, as the recordings
provide information about the spectral characteristics and
amplitudes of the geomagnetic field changes in nine fre-
guency bands between 0.01 and 10 Hz, at a distance of only
7 km from the epicenter. Rather than recording the data con-
tinuousdly (as is typical for a seismogram), magnetic field
characteristics were stored as “geomagnetic activity indi-
ces,” which were the set of logarithms (base 2) of the 30-
minute averages of the power in each frequency band. r.m.s.
field amplitudes can be reconstructed using acalibrated con-
version table (Fraser-Smith et al., 1990; Bernardi et al.,
1991). These data show a significant elevation in magnetic
activity in the .01-5 Hz frequency range starting about two
weeks prior to the earthquake, with peak amplitudes in the
1-3 nT range. About three hours before the event, however,
the largest signals exceeded the dynamic range of the in-
strument, with peak r.m.s. fields exceeding 6 nT as measured
in the 0.01-0.02 Hz band. Asthis represents atime average,
peak field levels could easily have been much higher. Un-
fortunately, about eight hours worth of the coseismic and
subsequent data were lost due to power failure caused by the
earthquake.

Sensory detection of thislevel of geomagnetic variation
by some animalsis neither an improbable nor an impossible
event. One of the most surprising developmentsin the field
of sensory neurophysiology during the past 25 years has
been the discovery of geomagnetic influence on behavior in
a phyletically diverse assemblage of organisms (a topic
which has been reviewed extensively elsewhere by (Kirsch-
vink et al.,, 1985; Kobayashi and Kirschvink, 1995;
Wiltschko and Wiltschko, 1995; Kirschvink, 1997). In par-
allel with the growing experimental data on magnetorecep-
tive organisms, the biophysical basis of the response was
found to be due to small crystals of the ferrimagnetic min-
eral, magnetite (Fe;0,), which are formed biochemically.
Crystals of this biogenic magnetite used for orientation were
first discovered in the magnetotactic bacteria (Blakemore,
1975, 1982; Frankel and Blakemore, 1984), where they are
held together in linear chains so that their individual mag-
netic moments will sum together. The resulting magnetos-
tatic orientation energy per cell typically exceeds thermal
noise (kT) by factors between 10 to several thousand. Neu-
rophysiological studies have also revealed similar magnetite
crystalsin honeybees (Gould et al., 1978), pigeons (Walcott
et al., 1979), and fish (Walker et al., 1984), which, in the
best preparations, are also aligned in linear chains as they
are in the magnetotactic bacteria (Mann et al., 1988). Sub-
sequent electrophysiological studies in fish and birds have
identified the ophthalmic branch of the trigeminal nerve as
the main conduit of magnetic field information to the brain,
from magnetite-based receptorslocated in the frontal regions
of the head (Semm and Beason, 1990; Walker et al., 1997).
More recently, lipophillic dyes and scanning laser confocal
reflection microscopy have been used to identify some of the
magnetite-containing cells at the distal termini of the trigem-
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inal nerve, which appear to be highly specialized for mag-
netoreception (Walker et al., 1997).

As is the case for many other sensory systems, behav-
ioral data indicate that some animal groups have extended
the sensitivity of their magnetoreceptor systems down es-
sentially to the thermal noise limit. Biophysical models of
this limit for magnetointensity perception, given the typical
guantities of magnetite measured in animals, are on the order
of 100 pT (Kirschvink and Walker, 1985). At least two plau-
sible evolutionary driving factors can be envisioned for pro-
ducing an ultrasensitive magnetoreceptor system. The first
involves selection for long-distance homing ability in mi-
gratory animals. Magnetic field inclination and total inten-
sity of Earth’'s dipole field vary in a regular fashion with
latitude, and sensory perception of these components can be
selected upon to improve homing and navigation abilitiesin
an essentially continuous fashion. As the resolution of the
overall system improves (presumably through the addition
of additional receptor cells and better information process-
ing), other navigational features present in the geomagnetic
field can aid in their navigational abilities, spurring addi-
tional selection for increased sensitivity. Birds have long
been known to be disoriented at magnetic anomalies (Wal-
cott, 1978), just as cetacean (dolphin and whale) stranding
events preferentially happen at magnetic anomalies along
coastlines (Klinowska, 1985; Kirschvink et al., 1986;
Kirschvink, 1990) Most of the positional variance observed
in fin whales migrating at seais explained by their avoidance
of high magnetic fields and field gradients, suggesting that
they use the marine magnetic lineations as a normal part of
their navigational system (Walker et al., 1992). Analyses of
these data imply sensitivity to intensity fluctuations in the
range of afew nT.

The second evolutionary factor which could drive mag-
netoreception to, or help keep it at, the thermal noise limit
involves use of the diurnal variations in the geomagnetic
field as atiming cue. Nocturnal animals and those that live
or nest in dark cavities (like honeybees) are not always able
to set their interna circadian clocks with sunlight, asistyp-
ically done by most animals. Although the geomagneticfield
at most localities on the Earth’'s surface is fairly stable at
night, solar heating of the ionosphere begins at daybreak and
produces electric currents which are active during most of
the daylight hours. These lead to a periodic shift in the mag-
netic field components at the surface on the order of 50 to
100 nT, with regular variations according to season and lat-
itude (see Skiles, [1985] for areview). Direct evidence exists
that honeybees can actually use this information as atiming
cue. Lindauer (1977) presented compelling evidence that
bees raised in a constant-condition flight room were able to
maintain track of their internal biological clocks, despitethe
absence of visual, thermal, humidity, and other signals re-
lating to day/night cycles. Thistime-keeping ability wasdis-
rupted on days with magnetic storms, implying that their
time-keeping abilities were based on the 20-50 nT diurnal
variations of the geomagnetic field. This basic effect was
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replicated by Gould (1980), who was ableto shift the diurnal
cycle artificially through the use of a 23-hour synthetic geo-
magnetic diurnal variation generated by afluxgate-controlled
coil system. In mammals, further evidence for this link be-
tween circadian rhythms and ULF magnetic variationscomes
from studies of melatonin synthesis. Melatonin is the main
hormone in animals which controls the sleep/wake cycles;
its production by the pineal gland is suppressed both by light
and by weak, ULF shiftsin the magnetic field (Reiter, 1994).

Experimental data from honeybees further demonstrate
that the geomagnetic sensory system has evolved to the level
where the Alay and Loma Prieta magnetic anomalies could
probably be detected, both in frequency and sensitivity. The
discovery that bees can be taught to discriminate artificially
generated magnetic fieldsin laboratory settings (Walker and
Bitterman, 1985) led to measurements both of the threshold
sensitivity (Walker and Bitterman, 1989) and the frequency
response of the receptor systems (Kirschvink and Koba
yashi-Kirschvink, 1991; Kirschvink et al., 1992, 1997). Fig-
ure 1 shows a compilation of these data, which indicate that
the honeybee magnetoreceptor system is tuned to respond
best to frequencies below 10 Hz, with sensitivity in the low
nT range. Tributsch (1982) reports observations of unusual
swarming behavior of bees about 15 minutes prior to the
onset of strong earthquakes.
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Figure 1. Behaviora measurements of the ability

of honeybees to discriminate extremely low fre-
quency a.c. magnetic fields. This figure shows the
proportion of honeybees able to discriminate the
given field stimulus. The data for the nine honeybees
exposed to the d.c. field are from Walker and Bitter-
man (1989), and those from 11 honeybees tested at
60 Hz a.c. and 15 honeybees at 10 Hz a.c. are from
Kirschvink et al. (1997). Shaded intervals at thelower
end of each curve show the area of uncertainty be-
tween the performance of the best animal at that fre-
quency and the subsequent level at which the animal
did not discriminate. For comparison, the black arrow
indicates the approximate magnitude of the d.c. geo-
magnetic field in Pasadena (45 uT). The honeybee
magnetoreception system is tuned for maximum sen-
sitivities below 10 Hz.
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Evolution of thishighly sensitive magnetoreception sys-
tem is an interesting problem. Primitive, early eukaryotes
presumably inherited their magnetite-based magnetotactic
responses from their bacterial ancestors, maintaining its use
for providing a constant rudder against the randomizing in-
fluence Brownian motion (Torres de Araujo et al., 1985).
The presence of nearly identical magnetosome-chain struc-
tures in higher animals, and their use in geomagnetic ori-
entation, is most easily explained as the result of common
descent (Chang and Kirschvink, 1989; Kirschvink, 1989).
However, as the musculature and locomotor abilities im-
proved in primitive animals, there would be selection for
more accurate homing and orientation abilities. In most sen-
sory systems this is accomplished by increasing the number
of receptors and the complexity of the neural circuits that
extract environmentally relevant information. An increased
number of neurons not only results in better accuracy of the
directional signals present in the magnetic field, but it also
permits extraction of the total intensity of the local magnetic
field (Kirschvink and Gould, 1981; Kirschvink and Walker,
1985), which is a scalar parameter and hence independent
of the orientation of an animal. As the average north/south
gradients in total intensity are in the range of 5-10 nT/km,
natural selection for enhanced navigational accuracy ought
to drive the system to the point where magnetic anomalies
in the Earth’s crust could be used as navigational reference
signals. The ability noted earlier that honeybees keep track
of timein dark cavities by detecting diurnal variationsin the
geomagnetic field is probably an example of wherethishigh-
resolution sensory system was exapted for a completely dif-
ferent purpose than for which it originally evolved. A similar
exaptation of this high-resolution magnetic sensitivity for
time-keeping is not unlikely in nocturnal burrowing animals,
some of which are known to have a good magnetic sensory
system (e.g., African mole rats [Burda et al., 1990;
Wiltschko and Wiltschko, 1995]). Once this low-frequency,
high-resolution magnetic sensory system has evolved, its
further evolutionary exaptation to trigger an existing seis-
mic-escape response is possible. Highly evolved pattern rec-
ognition is aso possible, as is common in the vertebrate
hearing and visual systems. As species of al major sub-
groups of the vertebrates display this high-resolution mag-
netic intensity sensory system, it must have evolved prior to
their divergence (Ordovician time).

Can a Seismic-Escape Response System Be
Maintained Within a Population?

The time scale for a genetic system to evolve and be
fixed in a population depends upon the relative selection
pressure (the differential survival) that the ability provides
the individuals within the population, as well as the length
of time over which the selection pressure operates. Hence,
a behaviora trait that is nearly neutral in terms of natural
selection for most of the time, but during a rare event pro-
vides a significant chance of increased survivability, can in
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theory produce a highly evolved system. In fact, modern
refinements of the principal model of evolution (the neutral
theory of Kimura) have led to what is now called the nearly
neutral theory, in which most competing copies of a partic-
ular gene (alleles) in a population drift along with no net
positive or negative effect over the course of many genera-
tions except when a fluctuation or event in the environment
selects heavily for their presence (Gillespie, 1984; Ohta,
1996; Ohta and Gillespie, 1996). The net effect isto increase
the likelihood that the genes will eventually be fixed in the
population. This pattern of “episodic selection” could arise
asanatural consequence of mortality generated by the repeat
patterns of earthquakes.

A simple Monte-Carlo simulation demonstrates how a
system of this sort can lead to the fixation and maintenance
of a seismic escape response gene. For the model presented
here, we consider a population of burrowing animals, such
as California’ s kangaroo rats (Dipodomys sp.), which livein
and around the San Andreas Rift (Best et al., 1996). In the
terminology of population genetics (e.g., Crow and Kimura,
1970), fixation is the process through which a trait or gene
initially present in only a small fraction of the population
comes to dominate, or “fix" itself, as being present on both
copies of the proper chromosome in each breeding individ-
ual of a population. Once fixed, it is fairly stable against
being displaced by new mutation. In the absence of selection
pressure or mutation, the ability of any particular copy of a
gene to make it to the next generation is a chance process.
As most animals are diploid (two copies of each chromo-
some), each parent randomly contributes only one of their
two copies of each gene to their progeny. Consider now a
situation where one of the behavioral genes (cal it A) acts
to link a sensory input to an established response that min-
imizes mortality resulting from an earthquake. Individuals
with only the other allele for this gene, denoted a (e.g., the
aa genotype), do not produce this response, whereas either
heterozygous (aA or Aa) or homozygous (AA) individuals
with the trait will respond. According to the neutral theory
of population genetics (Crow and Kimura, 1970), in the ab-
sence of selection and mutation therelative levelsof thegene
will do a random walk, with less frequent alleles usually
being lost from the population. We are interested, however,
in the nearly neutral case, where only once in many gener-
ationsthetrait A enhancesthe survivability of any individual
that possesses it. Given the anecdotal behavioral evidence
that a P-wave-triggered escape response has already evolved
in animals, the most important question concerns the level
of relative selection required to maintain the trait in the
population.

Figure 2 shows typical results for a simple, first-order
Monte-Carlo simulation in which the breeding population
size is held constant at 10,000 individuals, with a 50-gen-
eration (or year) recurrence interval for aseismic event large
enough to cause mortality via burrow collapse, run for 1000
generations. At each seismic event, we assume that any in-
dividual with at least one copy of alele A survives and is
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Figure 2. Results of Monte-Carlo simulations on the stability of a seismic-escape responsetrait
under conditions of episodic selection. In these simulations, the effective breeding population is
held constant from generation to generation at 10,000 diploid individuals, with equal numbers of
males and females. To move from one generation to the next (breed), one female and one male
are selected randomly from the “parental” generation using a uniform random-number generator,
and each parent randomly gives one of its aleles to the progeny. (Individua parents can have
many offspring). This processis repeated until the new generation has reached 10,000 individuals,
whereupon it is randomly divided into equal numbers of males and females. After every 50 gen-
erations, a “seismic event” is introduced in which the phenotype of each individual is examined.
Individuals with at least one A alele are alowed to reproduce as normal, but 10% of those which
lack it (aa) are killed randomly (e.g., marked so that they are skipped in the next breeding cycle).
Each simulation was alowed to run for 1000 generations, and repeated with identical starting
conditions 10 times. Results were averaged at each generation, and are shown on the figure as
families of three curves, the mean (bold lines) + 1 standard deviation at each generation.

In order to test the genetic stability of a seismic escape response, and its ability to be fixed
within a population using these parameters, individuals in the initial populations were al homo-
zygous (either all AA or aa). This was done to simulate the situation where a small group of
genetically similar individuals migrated into a new area, thereby infecting the existing population
with seeds of the other genotype. In this figure, the five simulations started with (aa, AA) ratios
of 10/9990, 100/9900, 1000/9000, 2500/7500, 5000/5000, and 9900/100, respectively, and can be
distinguished by their initial starting values on the ordinate. Note that the phenotype fractions
shown after one generation are much higher than in the seed popul ation, astheinitial homozygosity
is lost completely in the first random breeding operation. Individuals with genotypes of aA, Aa,
and AA dl have the seismic-escape gene, and are protected from the random seismic death.

In thefirst simulation, which starts with only 10 individuals having the aa genotype, virtually
al individuals in every subsequent generation are protected from seismic death with at least one
copy of the A gene, and all of the a alleles are gradually lost within a few hundred generations.
(This curve is indistinguishable from the top line on the graph.) In the first two simulations, so
few aa phenotypes exist in the population that the net results approach those expected from simple
random genetic drift. In the following simulations, however, asignificant number of aaindividuals
are blocked from breeding every 50 generations so that the fraction of individuals protected by the
A gene increases rapidly with time.

In these simulations, a 10% mortality for the aa genotype once every 50 generations is a
rather small factor. As an example in the 2500/7500 simulation near the middle of the chart, only
about 230 of the aaindividuals were blocked from breeding between the 50th and 51st generation,
out of atotal of 500,000 random matings during the 50 generations involved; this is an average
selective factor of only 0.046%.
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ableto reproduce in the next generation. During each seismic
event, 10% of al individuals without any copies of the A
alele are “killed” (e.g., blocked from reproducing in the
simulation). Each simulation was repeated 10 times, and the
results were shown as the mean occurrence of the A pheno-
type, plus or minus one standard deviation at each genera-
tion.

Simulations in which the a trait (no seismic-escape re-
sponse) is present in small amountsindicate that it isquickly
eliminated from the population even after only afew dozen
seismic events, even for only a 10% advantage of the com-
peting A genes expressed only once every 50 years (a net
selective advantage of only ~0.05%). Hence, a seismic-
escape response system should be genetically stable once
fixed within a population. Similarly, when homozygous AA
individuals are introduced at low levelsinto a population of
initially pure aa, the A phenotype has a very high chance of
reaching fixation within ageologically short interval of time.
Simulations with a lower selective advantage simply take a
longer time to reach fixation, with a greater chance of ran-
dom loss in the process.

It is conceivable that not all activity of such an escape
response gene might be beneficial—a false alarm during the
daytime hours, for example, might lead to increased preda-
tion among nocturnal rodents, and not all earthquakes gen-
erate a local tsunami, etc. These factors obviously balance
on average against any beneficial effects of the response.
Genes that are more detrimental than beneficial tend to be
weeded out with time. However, the model presented here
is overly simplistic as it involves only one trait, and the
rather complex behavioral systems observed today are most
likely the end result of hundreds of millions of years of evo-
lution of dozens of interacting gene systems. It is this com-
plexity that makes it possible for animals to achieve rather
sophisticated pattern recognition abilities, much in the way
that neural nets can be trained. Evolutionary fine-tuning of
these patterns for a seismic-escape response would result in
fewer false alarms. One obvious test of thisisto seeif ani-
mals are able to distinguish P waves from S waves, an S
wave from a distant earthquake would not signal impending
burrow collapse, although it might be of comparable energy
to that of alocal P wave from a close event.

Discussion

The analysis presented here implies that if there are oc-
casional precursorsto earthquakes that animals could detect,
behavioral patterns could evolve to minimize associated
mortality. Several considerations exist that make this more
plausible than might otherwise be thought. First, plate tec-
tonics (the driving force for most earthquakes) has operated
for at least the past two billion years on Earth. Hence, the
surface environment has been subjected to repeated strong
shaking with repetition on the 100- to 10,000-year time
scales, perhaps even higher on active plate margins. Second,
these effects are not limited to plate boundaries. Even many
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mid-continent areas experience seismic events in this time
frame (e.g., New Madrid, Missouri AD 1811-1812; Lisbon,
Portugal AD 1755 [Demoulin, 1996; Johnston and Schweig,
1996]). Third, and as aready noted, strong seismic events
are indeed capable of inducing significant mortality in ex-
isting populations, particularly in near-shore, burrowing, and
egg-laying organisms. Fourth, if taken at face value, anec-
dotal reports of peculiar animal behavior before earthquakes
(Tributsch, 1982) are compatible with evolution of a basic
sei smic-escape response sometime before the divergence of
the animal phyla nearly one hillion years ago (Runnegar,
1982; Wray et al., 1996; Ayala and Rzhetsky, 1998). Asthe
geologica evidence of burrow formation goes back nearly
540 million years, as shown from trace fossil evidence in
rocks of Early Cambrian age (Mcilroy and Heys, 1997), bur-
row collapse as a mechanism of seismic mortality should
date back at least this far. The distant ancestors of all mam-
mals (synapsids) who survived the Permian/Triassic mass
extinction 250 million years ago were apparently burrowing
animals living along the tectonically active margin of the
ancient supercontinent of Gondwanaland (Smith et al.,
1993). Their fossil remains are amost always found as pairs
of animals in collapsed burrows (Smith et al., 1993; Smith,
personal comm., 1997). Thus, mammals in particular have
had over 250 million years in which to refine their seismic-
escape response and link it via exaptation to additional sen-
sory signals. As ageneral rule, genes that control evolution-
arily ancient processes evolve much more slowly, and are
influenced far less by genetic drift, than are more recent
additionsto the genome. Hence, one would expect a seismic-
escape response system to be evolutionarily conserved.
Several lines of experimentation could help test these
ideas. First, we need to study animal behavior associated
directly with the ground shaking associated with seismic
events. Although it is obviously impractical to sit and wait
for suitable earthquakes to happen, the introduction of
broadband seismometers during the last decade has provided
excellent and detailed recordings of ground motion during
severa large earthquakes (Landers, Northridge, Kobe, etc.).
Just as these records are being used to test building designs
and revise earthquake safety guidelines (e.g., Heaton et al.,
1995), controlled shake-table experiments could be done on
laboratory populations of burrowing animals from seismi-
cally active zones, some of California’ s endemic kangaroo
rats would be good candidates. These experiments would
establish a baseline of animal behavior for comparison with
reactions of other stimuli. Following this, a variety of field-
based experiments could be done on the same species, in
which candidate precursory geophysica and geochemical
signals are given artificialy to determine which, if any, are
capable of triggering similar behavioral reactions. The ex-
aptation model outlined here would predict some similarity
in the evoked behaviora response between shaking and
other stimuli linked to seismic-escape activity. In particular,
simple back-of-the-envelope calculations indicate that it
would be relatively easy to modulate the magnetic field
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within a 100-m diameter coil system to the levelsindicated
by the Alay and Loma Prieta magnetic precursory events;
this could be done with minimal disturbance around anatural
kangaroo rat warren in the field. Even though the exact seis-
momagnetic patterns were not recorded prior to these events,
enough information is available from the Loma Prieta earth-
guake to produce afamily of complex waveformswith simi-
lar spectral characteristics to those recorded just prior to the
main event. Studies like this should be done. Ultimately,
knowledge of the complete genome sequence of these ani-
mals might yield clues to the triggering mechanism and sen-
sory patternsthat elicit seismically triggered fixed-actionre-
sponses, but we may need to wait 20-50 years before the
genetic basis of innate pattern recognition is understood.

Finally, seismologists should not limit their recording
and monitoring efforts solely to ground motions, which has
historically been the case. For the ultimate goa of earth-
guake prediction, there is no substitute for detailed records
of possible precursory signals associated with strong seismic
events. As such, it is silly to depend upon serendipitous ob-
servations such as those from Alay and Loma Prieta. Al-
though some focused magnetic studies exist (e.g., Mueller
and Johnston, 1998), the proton precession magnetometers
typically used do not operate in the interesting frequency
range (0.01-5 Hz) flagged by the Loma Prieta data. In
Southern California, the TriNet/Terrascope stations main-
tained by Catech, the U.S. Geologica Survey, and the
CDMG have severa 24-bit data channelswhich arenot pres-
ently in use. These ought to be equipped with inexpensive
sensors to monitor tilt, geoelectrical potential, humidity, and
magnetism, and the magnetic signals should be recorded
continuously at least through 10 Hz. Asan example, the per-
unit cost of fluxgate magnetometers, with sensitivitiesin the
50-100 pT range, has dropped precipitously in recent years
due their development for use in intelligent vehicle highway
systems (IVHS). Although not as sensitive as the induction
coil systems used to record the Loma Prieta event (Fraser-
Smith et al., 1990), they are far less expensive, have ade-
guate sensitivity to detect nT-level changes, and are unlikely
to go off-scale as did the Stanford equipment. These could
be deployed easily on the TriNet/Terrascope system in
Southern California and perhaps elsewhere.
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