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Abstract

In public perception abnormal animal behavior is widely assumed to be a potential earthquake
precursor, in strong contrast to the viewpoint in natural sciences. Proponents of earthquake
prediction through animals claim that animals feel and react abnormal to small changes in
environmental and physico-chemical parameters which are related to the earthquake preparation
process. In seismology, however, observational evidence for changes of physical parameters
before earthquakes is very weak.

In this study we reviewed 180 publications on abnormal animal behavior before earthquakes, and
analyze and discuss them with respect to (i) magnitude-distance relations, (ii) foreshock activity,
and (iii) the quality and length of the published observations. More than 700 records of claimed
animal precursors related to 160 earthquakes are reviewed with unusual behavior of more than
130 species. The precursor time ranges from months to seconds prior to the earthquakes, and the
distances from few to hundreds of kilometers. However, only 14 time series were published,
while all other records are single observations. The time series are often short (the longest is 1
year), or only small excerpts of the full data set are shown. The probability density of foreshocks
and the occurrence of animal precursors are strikingly similar, suggesting that at least part of the
reported animal precursors are in fact related to foreshocks. Another major difficulty for a
systematic and statistical analysis is the high diversity of data, which are often only anecdotal
and retrospective. The study clearly demonstrates strong weaknesses or even deficits in many of
the published reports on possible abnormal animal behavior. In order to improve the research on
precursors, we suggest a scheme of yes and no questions to be assessed to ensure the quality of
such claims.

1 Introduction

Abnormal behavior of animals before earthquakes has been reported many times. Examples are
provided in recent papers on the 2010 Darfield, New Zealand and 2009 L’ Aquila, Italy, major
earthquakes (Fidani, 2013; Grant et al., 2011; Whitehead and Ulusoy, 2013). However, it is
questionable whether such abnormal behavior was causally related to the nucleation process of
the upcoming earthquake. The predictive power of such observations depends on whether it can
be classified as an anomaly, a precursor, or a predictor. An anomaly is defined as an unexpected
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value of an observable which exceeds some threshold value associated to a particular quantile of
the recorded values. Such an anomaly of an observable might occur simply by chance before an
earthquake. In contrast, a precursor is an anomaly which is causally related to the earthquake
preparation process. However, a precursor such as seismic foreshocks might as well occur
without a major earthquake occurrence. The occurrence of a precursor usually does not represent
a one-to-one relation to an upcoming earthquake. In contrast, the occurrence of a predictor would
represent a deterministic relation to a subsequent earthquake. The judgement whether or not the
recording of animal behavior can be useful for earthquake forecasting thus depends on the
classification of the observed abnormal behavior (the anomaly) as precursor or predictor.

Every study of possible earthquake precursor signals or predictors must consider the inherently
random nature of earthquake occurrences. The frequency-size distribution follows a well-defined
empirical relation (Gutenberg-Richter relation) which states that the number of events in a region
and given time period with one magnitude smaller than the studied one is about 10 times larger.
In periods without large magnitude earthquakes (mainshocks), the average number of events
within a given magnitude and time interval is usually constant. However, the stresses induced by
mainshock ruptures trigger additional earthquakes, so-called aftershocks, clustered within a
distance of several lengths of the mainshock rupture during a period of months to years.
Typically about half of the events in earthquake catalogs are aftershocks. Any study of possible
precursors or predictors must therefore consider the specific statistical behavior of seismicity and
implement a rigorous statistical testing against a random coincidence. Furthermore, abnormal
behavior might be related to foreshocks, which occur before some of the main shocks.

Abnormal animal behavior is only one out of many different suggestions for earthquake
precursors and predictors. As detailed in section Earthquake prediction research, specific types
of non-seismic precursors were discussed e.g. for electromagnetic signals, ground deformation,
hydrogeological phenomena, radon emissions, and changes of the ionosphere. Seismicity
patterns have also been claimed to have predictive power, such as accelerated seismic moment
release (Varnes, 1989), foreshock activity (Mogi, 1986), b-value decrease (Smith, 1981), and
precursory seismic quiescence (Wyss and Habermann, 1988). However, none of these
observations have been verified so far to be a predictor of upcoming major earthquakes.

Because of ongoing problems to assess and verify claims of earthquake predictors, an
international Collaboratory for the Study of Earthquake Predictability (CSEP) has been formed
during the last decade in order to perform fully prospective and comparative tests of proposed
forecast models (Jordan, 2006; Schorlemmer et al., 2007). Within the different CSEP testing
centers, developed (regional and global) earthquake models run automatically based on an
authorized input data stream which allows an independent and systematic evaluation of the
model performance (Schorlemmer and Gerstenberger, 2007; Tsuruoka et al., 2012). This
approach works successfully for models based on seismological input data, in particular
earthquake catalogs, which are routinely produced by independent seismological services.
However, other input information such as animal behavior is not available in the same manner
and thus a CSEP-type approach cannot be simply applied. Nevertheless minimum requirements
of documentation, data, parameters, and analysis can be established which are necessary for any
scientific evaluation. The aim of this study is to provide an overview of available, published data
and analysis of animal-related earthquake precursors in order to assess the potential for any
systematic evaluation and testing.
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To clarify the relation of these studies with our physical knowledge and past studies of other
predictors, we firstly provide in section Review of earthquake processes and prediction research
brief reviews of our state-of-the-art knowledge of the processes associated with earthquake
ruptures and the history of (failed) earthquake prediction research. Then, the results of our data
survey for anomalous animal behavior are presented in the section Reports of anomalous animal
behavior related to earthquakes and in the Discussion. Because most of the presently available
studies of animal behavior are shown to fail the requirements for any statistical evaluation
(section Summary), we finally propose some general recommendations for upcoming
experimental studies of animal behavior in order to provide a basis for future systematic testing
of the forecast ability of animal-based earthquake models. An in-depth discussion of the physical
mechanisms proposed to explain abnormal behavior of various animal species (see e.g. Buskirk
et al., 1981; Kirschvink et al., 2010) is beyond the scope of this review. A brief overview of the
proposed mechanisms and animal species is provided in the Supplementary Material.

2 Review of earthquake processes and prediction research
2.1 Earthquake process

An earthquake is commonly perceived by the strong ground shaking as a result from the sudden
failure and rupture of rocks. Scientifically, we distinguish between the source process of the
rupture at depth, i.e. the nucleation or initiation phase and the propagation of slip between two
blocks of rock along a fault, and the wave propagation, ground motion and other measures
observed at the surface in some distance from the earthquake fault. The rupture propagation and
slip at depth is mainly driven by elastic shear stresses, which are inherently present in most rock
volumes.

The rupture process is triggered if shear stresses locally exceed the strength of the fault, or if
high pore pressure locally reduces the effective normal stress between the blocks (King et al.,
1994). Additionally, stress corrosion or other processes may weaken rock strength and explain
the nucleation of rupture (Das and Scholz, 1983; Kerr, 2011; Ohnaka, 1992). For some large
earthquakes precursory slip over weeks or month have been indicated by seismic and geodetic
monitoring (Bouchon et al., 2011, 2013; Kato et al., 2012; Schurr et al., 2014), but also
questioned by Hardebeck et al. (2008). However, such so-called nucleation phases are not always
recorded and often rupture nucleates without any precursors.

Ruptures of the largest earthquakes with magnitudes M>8 reach several hundred kilometers in
length and sample the full depth of the seismogenic crust or plate interface. The co-seismic slip
of such ruptures can reach more than 10 m. An M 6 earthquake may have a rupture dimension of
still =17 km (Wyss, 1979; Wells and Coppersmith, 1995) and a slip of =0.3 m, while an M 4
event will cover a plane dimension of only =2 km and a slip of =0.01 m (according to empirical
estimates of Papazachos, 2004). Any precursory slip phase, if it exists, affects a much smaller
segment or asperity on the fault plane. As indicated by theoretical and empirical scaling relations,
the third power of the critical size of the slow-slip nucleation phase of an earthquake is
proportional to the seismic moment of the earthquake (Ohnaka, 2000, 2013), by M¢=0.8 10°
(2Lc)%, where L. (half-length of the nucleation zone) is given in m. Thus, the corresponding
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magnitude of the slow-slip nucleation phase is roughly 2 magnitude units smaller than the
magnitude of the main-shock.

The static displacement associated with slip on the fault attenuates quickly with distance r
according to ~r"? or faster. Therefore, precursory phases, if they exist, are very hard to be
detected by any sensor if it is placed a few kilometers from the fault. However, seismologists
have discussed other potential measures resulting indirectly from small precursory processes at
depth, including (1) the effect of the tiny strain or stress changes on the width of micro-cracks,
which may influence the intrinsic anisotropy and elastic velocity of rocks (Crampin and Yuan
2014), the diffuse degassing at the surface (Richon et al., 2003) or the flow and head change of
fluids in superficial cracks (Orihara et al., 2014), and (2) the possible change in background
seismicity as a result of stress changes induced by preparatory phases (Schurr ef al., 2014).
However, stress changes associated with Earth tides, meteoric or hydrological pressure systems
or temperature variations are often of a similar size as expected for pre-seismic slip and both, (1)
and (2), have not been successful as a predictor of an upcoming earthquake rupture.

2.2 Earthquake prediction research

A historical view of concepts about earthquakes, earthquake precursors, and earthquake
prediction research was compiled by Martinelli (2000). Reviews on the earthquake precursors in
general were provided by Cicerone et al. (2009), Kossobokov (2013), Mogi (1986), and Turcotte
(1991). Specific types of precursors were discussed for electromagnetic field strength variation
in the atmosphere (Park et al., 1993; Uyeda et al., 2009), for hydrogeological phenomena in the
underground (Hartmann and Levy, 2005; Ingebritsen and Manga, 2014; Roeloffs, 1988; Thoma:s,
1988; Toutain and Baubron, 1999), and for radon emissions at the Earth surface (Woith, 2015).

In the early seventies of the last century scientists were quite enthusiastic to possibly solve the
earthquake prediction problem within the near future. Potential precursors had been suggested
(Rikitake, 1975), several models for earthquake prediction were developed (Aggarwal et al.,
1973; Nur, 1972; Scholz et al., 1973), and research projects were launched in many countries
aimed to predict earthquakes. In Liaoning in eastern China, the city of Haicheng was evacuated
10 hours before a major M 7.3 earthquake hit the region on 4 February 1975 (Wang et al., 2006;
Wyss and Wu, 2014). The authorities were alarmed by an unusual increase of seismicity, as well
as some other potential anomalies.

In California the so-called Parkfield project (Bakun and Lindh, 1985) started in 1981 to observe
the preparatory phase of an M 6 earthquake at a segment of the San Andreas Fault, which was
indicated from historical records to be apparently overdue to rupture. An official earthquake
prediction had been issued by the USGS in 1985 that a magnitude 6 event should have occurred
with a 95% probability before the end of 1993 (Michael and Langbein, 1993; Roeloffs and
Langbein, 1994). However, the anticipated event only occurred in 2004 and no precursors had
been observed despite the extensive near-field instrumentation (Bakun et al., 2005; Jackson and
Kagan, 2006; Langbein et al., 2005).

During the last decade several claims were made that earthquakes could be predicted from
changes in the ionosphere as tracked from satellites (Ouzounov et al., 2006), for instance related
to increased radon emissions into the atmosphere and ionosphere before an earthquake (Pulinets
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and Ouzounov, 2011). Nevertheless, ground truth measurements for increased radon release in
context with the claimed ionospheric anomalies are still lacking, and a rigorous statistical
relationship between the ionospheric total electron content changes and the occurrences of

M > 6.0 global earthquakes during 2000-2014 was not confirmed (Thomas et al., 2017).

After more and more in-depth studies and mis-estimations of various precursors, the scientific
prospects were assessed lower and lower, and Robert J. Geller concluded already 20 years ago
that a deterministic earthquake prediction is inherently impossible (Geller, 1991, 1997; Geller et
al., 1997) due to non-linear processes highly sensitive to details of the state of the crust. Others
disputed some of Geller’s underlying key assumptions and provided a more differentiated view
towards the future of deterministic predictions (Sykes et al., 1999; Wyss, 2001).

Despite the chastening perspectives of deterministic earthquake predictions the scientific field of
time-dependent, probabilistic forecasting of earthquakes has recently been developed into
operational systems (see Jordan et al. (2011) for a compilation), even if the prospective testing of
such probabilistic forecasts is still very difficult from the short times of observations.

3 Reports of anomalous animal behavior related to earthquakes
3.1 Public perception

In public perception, abnormal animal behavior is widely recognized as a potential earthquake
precursor. Searching the web on January 2018 with google for the term “earthquake precursor”
provided 106,000 results. By adding “animal’ to the search term, the number decreased to
28,000 (about 20%). The actual numbers may change with the improvement of search
algorithms, possibly also user-specific. Using the same combination in “Web of Science”
provided 2327 results of which 22 (about 1%) are related to animal behavior. This discrepancy
between scientific research and the public perception shows that speculations and the craving for
sensations exists on the one hand and complete rejection results on the other hand.

The apparent overrating of animal behavior in relation to earthquakes in the social media
becomes also obvious when asking directly the population affected by an earthquake. Since
2002, the Royal Observatory of Belgium is collecting web-based questionnaires on felt reports
after major earthquakes. Since 2010, this system is shared with the earthquake observatory at
Bensberg, University of Cologne, Germany (Lecocq et al., 2009; van Noten et al., 2017).
Applicants have the possibility to report their observations in a comment field. Out of 32,258
filled reports, only 1.5% (499) reported unusual behaviors of dogs, cats, birds or cows (Thomas
Lecocq, Pers. Communication). These 1.5% reports include also trivial statements as for instance
,»the situation was unusual because my dog did not behave unusual before the earthquake”. In the
nineteenth century the Prussian administration systematically conducted surveys similar to
present-day macroseismic questionnaires to collect information about earthquakes. The early
versions (starting in 1828) also contained questions related to animal behavior. Interestingly,
these questions had been removed in 1877 after evaluating their usefulness (Knuts ez al., 2017).
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3.2 Review of observations and experiments: Case studies

Here, we report briefly case studies to exemplify typical weaknesses related to (i) unclear
observations, (ii) lack of environmental monitoring, (iii) poor statistics and/or short time series,
and (iv) unrobust interpretations.

Often, reports and claims were based on anecdotal and unproved observations. For instance, after
the M 9.1 Sumatra megathrust earthquake of 26 December 2004 and the devastating tsunami in
the Indian Ocean numerous reports were distributed by the media about elephants fleeing to
higher grounds. These were taken up in several claims on a possible use of elephants as early
warning sensors. For the same earthquake the behavior of two satellite-collared Asian elephants
could be tracked during the Indonesian tsunami. Although both elephants ranged close to the
tsunami impact area in Sri Lanka, the data did not show any indication of a “sixth sense” or
unusual behavior allowing an early detection of the approaching tsunami (Garstang, 2009;
Wikramanayake et al., 2006).

Retrospective studies often lack observations of environmental parameters of interest. For
instance, based on a retrospective study of abnormal animal behavior Lott ef al. (1979)
concluded from 50 interviews with persons in the epicentral region that the M 4.7 Willits
earthquake (22 November 1977) in California had been preceded by abnormal animal behavior,
without presenting a consistent model. McClellan (1980) pointed out that 3 external
environmental factors might have influenced the animal behavior at the time of the Willits
earthquake, namely (i) heavy rainfall and flooding, (ii) large barometric pressure variations, and
(ii1) enhanced solar-flare cosmic radiation.

A systematic monitoring of animal behavior in the field has been performed in several studies,
either by coincidence during the time of a close-by earthquake or for a longer period to hope to
catch an event. Often, the data analysis is poor, or only selected subsets of data are presented, or
rare observations are not reproducible. Berberich et al. (2013) suggest that redwood ants build
their mounds preferable on faults (Berberich and Schreiber, 2013) and show abnormal behavior
before small earthquakes in the Eifel region, Germany. The ants are continuously monitored by
video cameras with color and infrared sensors. Eight different types of behavior (from absent to
high activity) are classified both, manually and automatically. Different types of environmental
parameters were monitored as well as the appearance of predators. Berberich and Schreiber
(2013) presented only 22 days out of the total monitoring period of 3 years to demonstrate that
the nocturnal rest phase and the daily activity were suppressed hours before a M 3.2 earthquake
which occurred at a distance of 40 km. Apostol et al. (2016) could not reproduce the
observations of Berberich and Schreiber (2013) during a two-year-study in Romania. Lighton
and Duncan (2005) studied the effect of the Landers M 7.4 earthquake in the Mojave Desert,
USA on trail dynamics and aerobic catabolism of the ant Messor pergandei and concluded that
the earthquake had no effect on their behavior.

Grant and Halliday (2010) studied the activity of breeding amphibians (toads) in a lake about 75
km from the 6 April 2009 Mw 6.3 earthquake in L’ Aquila, Italy. During the annual breeding
period in this part of Italy between end of March and beginning of April the toads typically
migrate towards lakes. The authors claimed that the number of migrating toads changed prior to
the earthquake. The daily number of male toads was counted along a 2.5 km transect, and was
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correlated with different data streams, as weather data (temperature, humidity, wind) at a station
15 km distant, to the number of days before and after the main shock, and to very low frequency
electromagnetic signal perturbations (VLF) on an epicenter-crossing path between Sardinia and
Moscow. The toad time series was 29 days (28 samples) and is characterized by some variation
including three peaks of higher activity. The number of toads declined 5 days before the
earthquake until 9 days after it. This period of unusual low activity is interrupted with a small
local maximum of activity around full moon. From a multiple regression analysis the authors
concluded that the number of toads is not related to any meteorological parameter. The authors
suggest that the observed toad activity was related to the earthquake and its largest aftershocks,
and may have been a reaction to the VLF perturbations. Although the potentially influencing
meteorological parameters have been addressed statistically, this example demonstrates how
questionable the analysis and interpretation of a short time series is, especially when the length
of the anomaly is large with respect to the presented time series. In this case the toads were said
to behave abnormal during nearly 50 % (5 days before the earthquake + 9 days after the
mainshock = 14 days of 29 days) of the observation time.

Systematic studies under controlled laboratory conditions are rare. Likely one of the first such
experiments was performed by Hatai and Abe (1932), who studied catfish (Parasilurus asotus) in
an aquarium connected to creek water. The researchers tried to disturb the catfish by knocking at
the table below the aquarium three times a day. According to the study, the catfish ignored this
trigger unless an earthquake followed within the next 6 to 8 hours. Using this approach, during
seven months 149 of 178 (nearly 80%) earthquakes were predicted. Apparently, predictions
failed when the aquariums were disconnected from the flowing creek water. A careful review of
the statistical approach demonstrates a problem. 80% success rate sounds impressive, but it
might have been just by chance. 178 earthquakes occurred during 210 days of observation time.
Thus, at 85% of the observation days an earthquake might have occurred - unfortunately, no
further information is available about the spatial and temporal occurrence of the events.

During the M 8.0 Wenchuan earthquake of 12 May 2008, Li et al. (2009) monitored locomotor
activity and circadian rhythms of mice kept in constant darkness under stable temperature and
humidity conditions in an isolated laboratory at 75 km epicentral distance. Locomotor activity of
8 mice was observed for 38 days in the frame of routine studies starting 18 days before the event.
The original study design was not intended to find earthquake precursors, only a posteriori the
data were re-investigated in the context of the earthquake. The mice were individually kept in
cages equipped with running wheels with infrared switches attached to them. The activity —
quantified as wheel turns per day — decreased significantly during the time of the earthquake —
starting 3 days before and lasting until 3 days after the mainshock. The monitoring was not
repeated for another earthquake. The authors could not present a plausible model for the change
of mice behavior. They speculate about changes in the magnetic field, although the field
variations were very small on the order of few nT. A data-wise less convincing, but otherwise
similar case of mice behavior during the 1995 Kobe earthquake has been reported by Yokoi et al.
(2003).
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3.3 Statistical analysis

All in all, 729 reports on abnormal animal behavior related to 160 earthquakes were statistically
evaluated, based on 44 publications (table 1). Other publications deal with mechanisms, review
data which had been used before, and/or contain cases which are so vaguely described that we
couldn’t use them for statistical analysis at all.

Table 1 Publications selected for the statistical evaluation of reports on abnormal animal behavior.

Berberich et al. (2013)
Boscowitz (1890)

Li et al. (2009)
Lindberg et al. (1981)

Chen et al. (2000, 2010) Lomnitz (1994)
de Liso et al. (2014a, 2014b) Mallet (1862)
Deshcherevskii and Sidorin (2004) Mott (2005)
Deshpande (1986) Nikonov (1992)
Feng and Jiang (1992) Nikonov (1996)
Fidani (2013) Omori (1923)
Fidani ez al. (2014) Rikitake (1978)
Fritz-Roy (1839) Rikitake and Kayano (1993)
Garstang (2009) Sidorin (2003)
Grant and Conlan (2013) Straser (2013)
Grant and Halliday (2010) Tomoda (1998)
Grant et al. (2015) Tributsch (1978)

Hayakawa er al. (2016a, 2016b)

Whitehead and Ulusoy (2013)

Hentig (1923) Wikramanayake ef al. (2006)
Ikeya et al. (1997) Wood (1911)

Kant (1756) Yamauchi et al. (2014)
Kelman et al. (2008) Yokoi et al. (2003)

Lawson and Reid (1910) Yosef (2010)

Li et al. (2003)

Table 2 Average characteristics of 729 individual reports on abnormal animal behavior prior to earthquakes.

Travel
Distance  Dobrovolsky  Precursor time time
Magnitude  Depth (km) (km) (strain) (days) (min)
mean 5.7 27 93 3.0E-02 6.3 0.8
stddev 2.2 84 142 5.0E-01 20.7 1.2
min 1.9 1 1 1.0E-16 0.0 0.0
max 9.2 590 1000 1.1E+01 270.0 8.3
# 140 50 492 489 596 495

# is the number of reports / cases. Travel time is a proxi for the time of surface waves to propagate from the
epicenter to the site of observation (v = 2km/s). Note that often distance, magnitude or precursor time are not

reported completely.
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Figure 1. Earthquakes for which abnormal animal behavior had been reported since 1600 A.D.. Shown are the
number of earthquakes per year. The lower subplot shows the number of earthquakes M>6 (light grey) during the
last century according to GEM-ISC catalogue (InternationalSeismologicalCentre 2014) as well as 122 earthquakes
(black) for which precursory animal behaviour have been claimed. Note that the apparently lower number of M>6
earthquakes before 1950 is related to catalog incompleteness.
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Figure 2. Earthquakes with reported animal precursors (black dots). Grey dots depict 10,267 earthquakes with M>6
between 1900 and 2012 according to GEM-ISC catalogue (InternationalSeismologicalCentre 2014).
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Our database contains the description of the animal behavior, the type of animals, and — if
provided — the precursor time, the distance to the events and the event magnitude. If available,
the length of the time series and the number of anomalies were entered. A summary statistics is
given in Table 2.

e The numbers of reports have increased as a function of time following the ease of
communication. The oldest available report is about an earthquake which occurred 1058
A.D. in Naples, Italy. 33 events occurred between 1600 and 1900, 122 events since 1900
(Fig. 1).

e Animal precursors were reported globally as illustrated in Fig. 2 where the distribution of
the 122 earthquakes since 1900 is shown. For the time span between 1900 and 2012 the
associated events comprise less than 1% of all earthquakes during that period with
magnitudes M>6 (on average about 130 events per year).

e Abnormal animal behavior as a precursor to earthquakes was reported from more than 25
countries of all continents, but most of the reports are from New Zealand, Japan, Italy,
and Taiwan. The dataset is dominated by just 3 earthquakes (Table 3): 217 cases were
reported related to the 2010 Darfield Mw 7.1earthquake in New Zealand. About 77 cases
refer to the 1984 Naganoken Seibu M 6.8 earthquake in Japan, and 62 reports are related
to the 2009 L’ Aquila My, 6.3 event in Italy. 356 reports are related to these 3 events
alone, making up about 50% of the total evaluated reports.

e Although earthquakes are evenly distributed among the months of the year, the animal
precursor observations show a slightly increased number for earthquakes occurring in
February, April and May (Fig. 3a).

e Many animal precursors are reported within one day before the main shock, with a clear
maximum in the hour before the event (Fig. 3b). Within the hour preceding the
earthquake, almost 60% of the cases fall within the last 5 minutes.

e FEarthquake magnitudes in our database of animal earthquakes precursors range between
2.0 and 9.2 (referring to the 1964 Great Alaska Earthquake). Nevertheless, the majority of
reports relates to earthquakes with magnitudes above M 6 (Fig. 4a).

e Most precursors were observed within 100 km of the epicenter (Fig. 4b), about 70 %
within 50 km.

For the 729 published reports on abnormal animal behavior, only 16 time series are presented in
graphical form (one time series contains no anomaly, another one refers to a sequence of pre-,
co-, and postseismic activities). The median length of these 14 time series is 9.4 weeks, the
longest one is slightly more than one year.
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Figure 3. (a) Number of animal precursors per month of the year (dark grey, left Y-axis). Columns in light gray
(right Y-axis) represent the distribution of 10,267 earthquakes M>6 between 1900 and 2012 according to
InternationalSeismologicalCentre (2014). (b) Animal precursory times shown for 30 days, 24 hours, and 60 minutes
before the earthquake. Within each histogram of (b) the darker shading refers to the 2010 Darfield Mw 7.1
earthquake in New Zealand.
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Figure 4. (a) Distribution of reports as a function of magnitude. The light grey histogram shows the number of
reported animal precursors, whereas dark grey refers to the number of related earthquakes. (b) Number of animal
precursors as a function of distance to the epicenter. Legend: light gray — all reports, dark gray — reports related to
2010 Darfield M 7.1 earthquake in New Zealand.
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Table 3 Earthquakes with the most reports about abnormal animal behavior.

Year Earthquake Country Mag Dist pt(days) # Mam Bird Fish Rept
2010 Darfield New Zealand 7.1 114 3.7 217 172 38 2 5
1984 Naganoken Seibu Japan 6.8 23 6.4 77 21 25 15 14
2009 L'Aquila Italy 6.3 44 17.5 62 24 18 6 14
1923 Kanto Japan 7.9 49 12.7 33 2 0 30 1
1933 Sanriku Japan 8.3 279 7.3 28 11 4 13 0
1999 Chi-Chi Taiwan 7.7 23 7.1 24 7 3 3 11

Legend: Mag, Dis — magnitude and distance of the earthquake, # — number of reports, pt — average precursory time,
Mam - Mammals, Rept — Reptiles.

4 Discussion

In our study we do not discuss the sense of animals for physical or environmental parameter
fluctuations, or the plausibility of such assumptions, but concentrate only on a statistical analysis
in comparison to other precursory studies and the knowledge of earthquake mechanisms.

4.1 Magnitude-Distance relations

As discussed in section Earthquake process, our seismologic and geodetic observations as well
as our current process understanding indicate that the nucleation process accelerates with time,
but the nucleation size of precursory slip in the rupture zone is limited in its spatial extend and its
magnitude. Furthermore, the associated elastic deformations are known to quickly decay with
distance and other sources of strain variations such as tidal changes are dominating at larger
distances. The possible slow-slip nucleation phase of an earthquake may lead to secondary
effects at the Earth surface, which may be felt by animals. For instance, precursory changes of
groundwater chemistry before two earthquakes in Iceland were suggested to be caused by crustal
dilatation during stress built-up before the events (Skelton et al., 2014). Solid Earth tides induce
strains of the order of &igu = 1078, Thus, a strain of 107 poses a limit for distinguishing between
an earthquake preparatory strain and the daily strain loading by Earth tides. Precursors related to
changes of elastic strain should be detectable, if at all, only in short distances and close in time.

Figure 3 shows that most anomalies of animals are detected directly before the mainshock with
an overall accelerated detection rate with time approaching the mainshock time. Within the hour
preceding the earthquake, almost 60% of the cases fall within the last 5 minutes. Other studies
indicated slightly different precursor times for abnormal animal behavior. For instance, Tributsch
(1978) studied 78 earthquakes and found an average precursor time of 21 hours with only small
deviations from continent to continent. Rikitake (1994) obtained an average precursor time of 10
hours for earthquakes in Japan. In mainland China 81% of anomalies occurred within 10 days
before the earthquakes (Lu et al., 2015).

About 70% of the observational claims were observed within 50 km distance of the epicenter
(Fig. 4b). Since we restricted our dataset to published papers, the reported cases might be skewed
by authors, reviewers, and editors towards observations close to the earthquake, both in space
and time. We cannot know how much the statistics is influenced by pre-conceived ideas.
Nevertheless, the median distance for animal precursors is 40 km compared to 100 km for gas
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emission anomalies (Cicerone et al., 2009). A retrospective analysis of precursors to the 1999 M
7.6 Izmit earthquake revealed similar results (Whitehead et al., 2004). Influence distance ranges
for the 2010 M 7.1 Darfield earthquake were suggested at 56 km for 73% of all reports
(Whitehead and Ulusoy, 2013). One third (34%) of abnormal animal behavior in mainland China
between 1966 and 2002 was reported from the epicentral area, another 38% from sites within
100 km from the epicenter (Lu et al., 2015).

The magnitude-distance range of reported precursory anomalies can be discussed from
theoretical models on the maximal expected strain in the rock. Using the tidal strain of emin = 10
as limit, Dobrovolsky et al. (1979) estimated the maximal distance at which a precursory
anomaly can be still causally related to the physical earthquake preparation process. They
assumed that the rock volume is altered by cracking in a circular rock volume around the
epicenter of the future main shock, and thus generates elastic strain and tilt far from the
epicenter. The maximum strain is proportional to the affected volume and attenuates with 2,
where r is the hypocentral distance. Using published estimates of volume of the focal zone of
earthquakes Dobrovolsky et al. (1979) estimated a maximal strain radius of rmax = (€min)'”> 10©-M
273 (for M>5) and Tmax = (emin)"> 100M-399) (for M<5). Although these equations are widely
used until today (e.g., Yamauchi et al., 2017), the research on nucleation phases has advanced
since 1979. Ohnaka (2000, 2013) derived a scaling relation between the seismic moment My of
the main shock and radius L. [in m] of the slow slip nucleation phase of fault instabilities. From
laboratory and field data they derived a scaling as Mo=10° (2L.)* = 8 10° L*, where My [in Nm]
is the seismic moment of the main-shock to come.
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Figure 5. Distance vs. magnitude relation for proposed animal precursors (crosses). Proposed electric and magnetic
field (EM), deformation, gas, water level, and temperature precursors are shown for comparison (grey symbols)
from (Cicerone et al., 2009). Solid and dashed lines indicate the maximum distance at which precursors might be
expected according to Ohnaka (1992) and Dobrovolsky et al. (1979), respectively. For example, an M7 earthquake
would be detectable within a radius of about 30 km (Ohnaka) or 1,000 km (Dobrovolsky), depending on the model.
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We declare Monucl as the equivalent moment of the nucleation phase, and use a standard crack
model with Monuer=16/7 At L to estimate the factor Monuel/Mo, or alternatively the magnitude
difference AMy = My - Munucl considering the relation between seismic moment and moment
magnitude according to Mo = 105 M¥+91 [M; in Nm](Kanamori, 1977). For stress drop values
ranging between At= 1 MPa and 10 MPa AMy, is in the range between AMy=1.69 and 2.36. For a
rough estimate we set AMy~=2. Assuming as first order approximation a point source in full
space, we can estimate the maximal strain from the nucleation phase by €max = Monuc/2mtp 1/r°
(e.g. Aki and Richards, 2002), where p is the shear modulus and r the distance to the source.
Setting &max to the limit value 108, we calculate the strain radius by

r/(1km) < 1/11.4 10°5M-2) (1)

The limiting value for r gives the maximal distance to which we can expect strain induced by a
nucleation phase to be above the tidal strain of 10, The strain radius estimated from the scaling
of nucleation phase asperities (equation 1) is significantly smaller than the Dobrovolsky strain.

Fig. 5 shows the distance vs. magnitude relation for proposed animal precursors. Proposed
physical precursors (electric and magnetic field, deformation, gas, water level, and water
temperature) compiled by Cicerone et al. (2009) are shown for comparison. The maximum
distance at which precursors might occur according to Ohnaka’s model is smaller than that based
on Dobrovolsky’s estimation. The majority of animal precursors is related to earthquakes above
M6. A second cluster of animal precursors plots between M2 and M4, leaving an apparent gap
between M4 and M6. Since most of the second cluster plots above the Dobrovolsky relation -
meaning strains below 10 as low as about 107! - a mechanical link between the prepreatory
earthquake strain and the claimed abnormal animal behavior seems unlikely, if not impossible.
Although the majority of animal precursors plots below Dobrovolsky’s line indicating strains of
the order of 108, only few meet the Ohnaka criterium. This indicates that in almost all cases the
induced total strain at the location of the observed anomaly is only of the order of tidal stress
changes occurring every 6 hours or less.

In addition to the total strain, the induced strain rates can be compared to tidal strain rates. For
the same total strain, long nucleation phases of the earthquake rupture process would lead to
significantly smaller strain rates compared to tides although the total strain is comparable.

Vice versa, the strain rate might be significantly larger and thus potentially observable/sensible
for nucleation times much shorter than 6 hours. To explore this, we have calculated the strain
rates at the location and time of the observed anomalies by the ratio between the total induced
strain and the precursor time. This ratio is an upper limit because the assumed nucleation process
is accelerating with time and the nucleation likely started before the anomaly. The limit of the
strain rate is defined by the tides, 10/ 6 [1/h].

rmax:0.159 100'5(M_2-0) tp—1/3 (2)

with distance r in [km] and precursor time t, in [hour]. For a given precursor time t, of an
anomaly related to an earthquake of magnitude M, the strain rate due to the nucleation process is
only expected to exceed the tidal strain rates at anomaly distancies r<rmax. Figure 6a-d shows the
epicentral distance vs. precursor time relation for animal precursor and rmax according to equation
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2 for various magnitudes. In many cases, the data point of the anomaly lies above the line related
to the magnitude of the corresponding earthquake, which indicates that the strain rates induced
by the nucleation process should have been insignificant at the location and time of the anomaly.
Figure 6e indicates that only in about 35 % of the anomalies, the strain rate is found to be
significant based of Eq. (2).
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Figure 6. (a-d) epicentral distance vs. time for proposed animal precursors for different magnitudes M of the related
earthquake. Lines indicate the maximum distance rmax according to equation 2 at which precursors might occur.
The estimated strain rate of the assumed nucleation process exceeds that of the earth tides only at anomaly locations
which are below the corresponding lines related to M (shaded areas in subplots a-d). (e) distribution of the
difference rmax — r (observed). In about 35 % of the cases the difference is positive, meaning that preparation
strains — if they exist — are potentially large enough to generate precursory anomalies.

4.2 Foreshocks

Some of the detected animal precursors may be explained by elastic waves from foreshocks,
which animals may have felt. In this case, the animal behavior would be only a secondary effect
and would not have additional predictive power. Foreshocks occur before approximately 10 % of
main shocks (Reasenberg, 1999). An example is the 2009 My, 6.3 L’ Aquila, Italy earthquake
which was preceded by a sequence of foreshocks over several months. Unfortunately, foreshocks
have not systematically been reported and analyzed in the corresponding animal-related
publications so that a one-by-one evaluation seems not possible. However, a statistical approach
may help. The GEM-ISC catalog (InternationalSeismologicalCentre, 2014) from 2000-2012 has
a magnitude of completeness of M¢=5.6. We assume that such a foreshock may be felt by
animals at a distance of 100 kilometers, which would have an intensity of V-VI (e.g. Faenza and
Michelini, 2010). Smaller events might be also felt, but our analysis is only limited to
earthquakes above the completeness threshold of the global catalog. We search all foreshocks in
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epicentral distances up to 100 kilometers and within 60 days before mainshocks of My>6. We
find that 16% of the mainshocks were preceded by such foreshocks within 60 days; whereas only
7% (3%) of the mainshocks were preceded by foreshocks within 1 day (1 hour). Figure 7 shows
that these foreshocks are strongly clustered in space and time relative to the mainshock. The
temporal clustering is similar to the observed one for animal precursors. In Figure 8 we compare
the distribution of foreshock times with that of animal anomalies before the mainshocks. The
shape of both distributions is strikingly similar, suggesting that at least part of the reported
animal precursors are in fact related to foreshocks.
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Figure 7. Probability density distribution of earthquakes preceding mainshocks of Mw>6 in the ISC-GEM catalog:
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Figure 8. Probability density (number of events normalized by the bin width and total number) of earthquakes
preceding mainshocks of Mw>6 in the ISC-GEM catalog compared to the occurrence of animal precursosrs before
the mainshock. The dashed line indicates the function 0.08 * t-0.9. The similar slope of both distributions suggests
that at least part of the reported animal precursors are in fact related to foreshocks.

About 60% of the reported precursory times were 5 minutes or less before the earthquake (Fig.
3b). In case of merely anecdotal reports, it can be assumed that the mentioned precursor time is
not reported with respect to the origin time, but with respect to the point in time when the



Can animals predict earthquakes? 17

reporter felt the earthquake. This is supposed to be the arrival of the first stronger phase, like the
P-wave, S-wave, or surface wave. It may therefore be questioned whether a part of the abnormal
animal behavior is related to the arrival of the first strong wave from fore- and main shocks. For
instance, the traveltime of surface waves to the observation point in a distance of 100 km is 0.8
minutes, and therefore much smaller than the average reported precursory times. From a careful
analysis of our database we find only very few cases where the P-wave arrival of the main-shock
is a candidate to explain abnormal animal behavior. Examples include the response of pheasants
to 23 earthquakes in Japan between 1913 and 1916 with a precursor time of only 8 seconds or
less (mean value of 3.6 seconds, see Omori, 1923). This is in the range of the expected
uncertainty of the estimated origin time, and animals may have felt the first arriving waves. Few
similar cases may explain observations during the 2010 My 7.1 Darfield, New Zealand
earthquake (Whitehead and Ulusoy, 2013).

4.3 Length of timeseries

We reviewed about 180 publications on precursory claims, including more than 700 records of
abnormal animal behavior, where only 16 of these presented time series at all. 14 timeseries
showed pre-seismic anomalies of animal behavior. Most of the time series are much shorter than
1 year (Fig. 9a), the median being about 14 weeks. In comparison to earthquake precursor studies
from radon anomalies, groundwater chemistry, temperature and water level fluctuations, the
presented time series for animal behavior are all short. This, and the examples given, show the
limitations which makes a statistical analysis and discussion difficult. Environmental parameters
are rarely monitored or documented. The question of completeness of the assessment is only
rarely raised, but is important for the interpretation.

For instance, the occurrence of an earthquake with M>M. may be considered a binary event,
which either occurred or did not occur at a given time and location. M. is the magnitude of
completeness of a seismological catalog, meaning that the earthquake data can be assumed to be
complete. The abnormal behavior may either be given as binary event or, in few cases, as time
dependent patterns if a monitoring program was realized. It is important that the anomaly is
carefully identified and verified against the background. In our database of abnormal animal
behavior, completeness has rarely been discussed, unfortunately.

The problem can be illustrated for the example of the birth of a baby as a “signal”. In order to
analyze whether the rate of births in a given region and time before the earthquake is anomalous,
a complete assessment in the region and a sufficiently long time before the event is needed. The
completeness of the pre-event time series is a necessary requirement for validation. We assume a
hospital where about 4 babies are born on average every day, with some more during working
days and few during weekend. If the earthquake occurs on Monday morning, the rate of babies
would have decreased just before the earthquake. A correlation analysis with a time series of 2
days before the earthquake would indicate a positive result. It is obvious that the validation of a
causal relationships via correlation may have pitfalls and must be done carefully.

Firstly, a positive correlation for more than one earthquake needs to be demonstrated (e.g.
occurring not only on Mondays). Secondly, the temporal-spatial pattern of the anomalies needs to
be assessed and considered. The longer the time series are, the better. If toads have a mating
season during 2 weeks in April, the correlation of activity with an earthquake in April may not
mean much. Animals react strongly on seasonal changes and weather conditions. Therefore, a
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recording period of at least one year may be recommended. Figure 9 showed that the majority of
reports presented shorter time series, which is worrisome.
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Figure 9. (a) Frequency distribution of the lengths of the published timeseries for animals and fluid-related
precursors. (b) Animal precursor rate (number of precursors per length of time series extrapolated to number of
precursors per year — black crosses) vs. length of the published time series. Grey symbols depict fluid-related
precursors (radon, groundwater chemistry, water temperature, water level) adapted from Woith (2015) for
comparison. The dashed line indicates a 1/time relation, referring to the case of one detected anomaly in the
analyzed time period.

The length of the observation time is also related to the investigated precursory time. If toads
breed once a year, a precursory time for increased activity of up to 6 month would give a positive
hit for 50% of random earthquakes. The length of the anomaly occupies up to 23 % of the
complete timeseries (11 % on average). Thus, the statistics of claimed animal precursors is
anything but robust. In some cases, the presented timeseries are a selection from a longer period
of observations. The criteria for the selection are not specified, generally. This leads to the effect,
that the number of reported precursors and the length of the presented timeseries are apparently
negatively correlated (Fig. 9b). The lack of long-term records had also been identified for
classical physical earthquake precursors as critical to assess the signal and noise characteristics
of a monitoring parameter (Woith, 2015; Wyss, 1991, 1997), but for the animal dataset the issue
is even more pronounced.

In statistical analysis and the field of machine learning, a confusion or error matrix analysis is
recommended for statistical classification, which considers the true and false positives and
negatives from a complete assessment of the binary events. Finally, we mention another possible
pitfall of time series analyzed by multi-regression and correlation. Seismicity and precursory
anomalies are often presented as positive functions with large mean and low standard deviations.
In such a case, high normalized cross correlation values can be obtained, even if the two
functions to be tested are purely random (Oprsal and Eisner, 2014).
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S5 Summary

The study of abnormal animal behavior is experimentally difficult, if compared with the
approach to install instruments and sensors to measure variations of physical field parameters.
However, our review indicates that experiments are not the only problem, since data collection,
processing, and interpretation is often poor. For many of the reviewed case studies severe
elementary problems are obvious which make a scientific evaluation and validation difficult if
not impossible. This is related to the data assessment approach and the definition of anomalies,
the incompleteness of ensembles, and the processing and interpretation of data.

Whereas most publications on that subject claim to have observed precursory abnormal animal
behavior, few authors try to substantiate their claims and discuss physical mechanisms behind the
animal behavior (see Supplementary Material). Formulating a hypothesis and then testing the
null hypothesis by falsification according the theory of Karl Popper (1935) should be mandatory
in science. A sound testing requires carefully designed observations lasting for years under
controlled environmental conditions. By reviewing about 180 publications on precursory claims
of abnormal animal behavior, typical weaknesses of a majority of cases include
e the reported time series are mostly too short and no baseline of “normal” behavior is
defined; often only a selected part of the complete timeseries is presented. The
assessment of signal and noise characteristics is thus often not possible.
e the definition of the anomaly is often not quantitative or strict and sometime even
unclear. Additionally, the precursory periods and time lags appear to be often arbitrary.
e the question of completeness of the assessment has only rarely been discussed, including
the comparative study of possible true negative or false negative or positive cases.
e the environmental parameters are rarely monitored or documented, as e.g. temperature
and weather conditions, rainfall, thunder storms.
e Most of the reports about unusual animal behavior are made retrospectively, i.e. the
strange animal beghavior is only recognized after the earthquake.
e the state and health condition of the animals or animal populations are rarely
documented, the same holds for external stress or danger/predators.
Note, that only the last two items are animal-specific. All other items are equally critical in most
classical physical precursor studies. It is clear that because of such weaknesses the assessment
and validation of claims of abnormal animal behavior is difficult.

6 Yes/No Questions

For evaluating the quality of reports on animal precursors, we propose a scheme of yes and no
questions, which should be considered in any planning, evaluation, and publication of animal
related anomalous behavior:
1. Is the experimental setup and monitoring procedure clearly described and reproducible?
2. Are anomalies comprehensively described and are the pattern and threshold values
quantified?
3. Is the assignment between the anomaly and the earthquake based on clearly defined rules
(magnitude-distance relations)?
4. Is the full data set presented in graphical form?
How often do anomalies occur but are not followed by an earthquake?
6. Have observations started and been documented before the earthquake?

e
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7. Is quantitative information given on seismicity, including background seismicity, on
foreshocks, seismic network performance, catalogue completeness, source parameters
and their uncertainties, and on the distance to measurements?

8. Have environmental parameters been measured and documented?

9. Are the same precursory anomalies documented for more than one earthquake?

10. Are the time series much longer than the anomaly?

11. Is a statistical hypothesis testing approach considered (e.g. false positive and negatives)?

12. Is a (physical) mechanism presented to explain the abnormal (animal) behavior?

13. Is the state and health condition of the animals or animal populations documented?

14. Is information on predators given?

15. Is it proven that the animal behavior is really unusual?

Note, that only the last 3 questions relate specifically to animals.
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The supplementary material gives a brief overview about nearly 200 publications related to
precursory animal behavior, which have been exploited during the review process. It should be
stressed that most of the publications contain claims, which are not substanciated by rigorous
testing. Nevertheless, we decided not to repeat the word “claimed” 200 times in the following
paragraphs, but merely report and sometimes comment on the claims itself. The material is
structured in 8 chapters: (1) reviews, (2) timeseries, (3) experiments, (4) interviews, (5)
conferences, (6) myths, (7) animals, and (8) mechanisms.

1 Reviews
Many review articles were published about abnormal behavior of animals before earthquakes
(Allen, 1976; Bhargava et al., 2009; Bhattacharyya, 2016; Buskirk et al., 1981; Deshpande, 1986;
Fu and Weng, 2010; Grant and Conlan, 2013; Harnett, 2012; Hentig, 1923; Ikeya, 2004; Jiang,
1980; Kerr, 1980; Kirschvink, 2000; Kirschvink et al., 2010; Lakshmi et al., 2014; Logan, 1977,
Lowry, 1983; Reasenberg, 1978; Rikitake, 1978; Rikitake, 2001; Rikitake et al., 1993; Schaal,
1988; Schnytzer and Schnytzer, 2011; Tong, 1988; Tributsch, 1978b, 1984, 2005, 2013a).

- 28 reviews (of 200 exploited publications)

- at the age of 17, Harnett (2012) interviewed renowned scientists and prepared a short, but

concise review on the potential of animals to aid earthquake prediction
- most cited: Buskirk ez al. (1981), Kirschvink (2000), and Tributsch (1978b)

2 Timeseries

14 timeseries are presented in 12 publications (Berberich et al., 2013; Deshcherevskii and
Sidorin, 2004; Feng and Jiang, 1992; Grant and Halliday, 2010; Hayakawa et al., 2016a, 2016b;
Li et al., 2003; Li et al., 2009; Lindberg et al., 1981; Sidorin, 2003; Straser, 2013; Yamauchi et
al., 2014; Yokoi et al., 2003).

Examples are:
Yamauchi et al. (2017) statistically evaluated daily variations of dairy cow’s milk yield during
one year. A milk yield timeseries of one year is presented, the potential influence of 32
earthquakes is discussed, but the allocation of anomalies and earthquakes was not specified — and
thus this case study could not enter our evaluation.
A timeseries of the catch of horse mackerel in Japan is shown by Tomoda (1998). During seismic
swarms preceding the great Izu earthquake of 1930 the catch increased significantly.
A post-seismic drop of the daily catch of fish is described by Tweddle and Crossley (1991).
In sum:

- only very few timeseries exist (n=14)

- observation times are short, the longest timeseries has a length of about 1 year.

Descriptions of co- and post seismic animal response to earthquakes are few, none of them
presenting a timeseries (Chan et al., 2013; Galassi et al., 2014; Ganguly, 2009; Kario et al., 2003;
Petrazzi et al., 2010; Snarr, 2005; Tan et al., 2009; Yosef, 1997, 2010).
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3 Experiments

Laboratory and a few field experiments were described (Chen et al., 2010; Deshcherevskii and
Sidorin, 2004; Feng, 1992; Ferasyi et al., 2013; Grant and Conlan, 2015; Hatai and Abe, 1932;
Ikeya et al., 1997, 1998a, 2000, 2004; Li et al., 2009; Lindberg et al., 1981; Liu et al., 2014;
Montenegro et al., 1995; Nishimura et al., 2010; Otis and Kautz, 1980; Otis et al., 1985; Straka et
al., 2015; Xu and Jiang, 1989; Yanai et al., 2012). USGS conducted combined lab and field
experiments in the 1970s (Lindberg et al., 1981; Otis and Kautz, 1980; Otis et al., 1985).

Within the frame of an “integrated science education” project, a ,,catfish network™ had been
established in high schools in Japan aimed at studying daily to annual rythms in animal behavior
and possible disturbances (Ikeya et al. 2004).

An integrated study on geophysical and biological anomalies before earthquakes in Austria and
Indonesia was presented by Straka et al. (2015). Up to now, only one publication in Indonesian
language could be found about first results of the project (Ferasyi et al., 2013).

Recently, seven farms with different animals have been established as seismic stations in
Nanjing, Jiangsu province, China. One of them is an ecological garden in Yuhuatai district,
containing 200 black boars, 2,000 chickens, and a 2 square kilometer fish pond. Cameras are
installed around the animals’ living environment to observe their behavior. Their feeders report to
the seismological bureau twice a day on any abnormal behavior that professionals will analyze
for whether a possible earthquake is imminent.

4 Interviews

The scientific value of interviews might be debated unless they are performed by professionals.
Nevertheless, interview-based reports (Chen et al., 2000; Kelman et al., 2008; Lecocq, 2009; Lott
et al., 1981; Nikonov, 1992; Sbarra et al., 2009; Sciarra et al., 2014; van Noten, 2017; Whitehead
and Ulusoy, 2013; Whitehead et al., 2004) will become more frequent due to internet
questionnaires in future.

Retrospective public-reported earthquake precursors related to the 1995 Kobe and 1999 Izmit and
were statistically tested by Whitehead et al. (2004). The authors concluded that some of the
claimed precursors reported within 90 km from the epicenter and within one day before the event
might be valid. Similar findings (one day, 57 km) were obtained from the analysis of 400 reports
related to the 2010 M 7.1 Darfield earthquake, New Zealand (Whitehead and Ulusoy, 2013).

In the nineteenth century the Prussian administration systematically conducted surveys similar to
present-day macroseismic questionnaires to collect information about earthquakes. The early
versions (starting in 1828) also contained questions related to animal behavior. Interestingly,
these questions had been removed in 1877 after evaluating their usefulness (Knuts et al., 2017).
Since 2002, the Royal Observatory of Belgium is collecting web-based questionnaires on felt
reports after major earthquakes. Since 2010, this system is shared with the earthquake
observatory at Bensberg, University of Cologne, Germany (Lecocq et al., 2009; van Noten et al.,
2017). In 2013 the Italian INGV (Istituto Nazionale di Geofisica e Vulcanologia) developed and
tested a questionnaire about anomalous geological and biological phenomena (Sciarra et al.,
2014).

5 Conferences

A conference on animal behavior had been held by USGS in Menlo Park, California on 23-24
October 1976 (Evernden, 1976; Logan, 1977; Reasenberg, 1978). One report at the conference
dealt with long-term observations of chimpanzees at the Stanford Outdoor Primary Facility,
located close to the San Andreas Fault zone (Kraemer et al., 1976). Several behavior parameters
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like activity and the position of the animals were routinely observed in order to study long-term
changes due to maturation and hormonal changes. A group of chimpanzees was daily chosen and
each individual then observed for 30 minutes, recording the behavior every 30 seconds. The
presented time series lasts from May until July 1975. At least eight hours prior to an earthquake
swarm (M<3.1) located about 6 km SW of the facility on 19-24 June 1975, as well as prior to one
single event on 24 July 1975, changes in the activity pattern were observed. However, the
observation day prior to the swarm coincides with an exceptionally low sample number and is
therefore the weakest data point, and restless behavior also occurred on other days, and was often
associated with environmental disturbances. The authors suggest a link between the earthquake
swarm and an enhanced activity, but also point out that a longer time series, a denser sampling
and more animal groups would be needed to found the relationship. Furthermore, they suggest
that baseline levels of behavior measure must be defined and generally studies must be conducted
in stable living environments.

6 Myths

In ancient Japan the people thought that earthquakes were caused by catfish moving underground
(Smits, 2006, 2014). Thus, it is not surprising that many reports about abnormal animal behavior
are related to fish. Nunn (2014) examined myth in the Asia-pacific region claiming that these
tales can lead to an improved understanding of geohazards.

Escaping gas called “pneuma” in ancient earthquake concepts is reviewed by Tributsch (2013b)
in relation to animal, atmospheric and thermal precursors. The list of curiosities could be
continued, but this is beyond the scope of this review. The reader is referred to an article about
geomythodology by Vitaliano (2007) for further reading. We want to make the point that myths
tell likely more about human psychology, than about the preparation of an earthquake.

7 Animals

The majority of reported anomalies refer to mammals, followed by fish, and birds (Fig. S1).
There are regional differences, e.g. in Japan most precursors are reported related to the behavior
or catchment of fish.

7.1 Mammals

7.1.1 Humans

An abnormal rate of early wakening before the 1995 Kobe Earthquake was postulated from
interviews of school children by Ikeya and Whitehead (2013). The wake-up ratio decreased with
epicentral distance. Social tension as precursor of large earthquakes was discussed by Molchanov
(2008).

Co- and postseismic effects of earthquakes on human health (heart rate, blood pressure, stress,
birth defects) were reported (Chan et al., 2013; Kario et al., 2003; Petrazzi et al., 2010;
Sakakibara et al., 2016; Straser, 2013; Tan et al., 2009).

7.1.2  Cats, Dogs
Many anecdotal reports refer to cats and dogs. Only a few case studies were described (de Liso

and Fidani, 2014; de Liso et al., 2014a, 2014b; Lutz, 1921; Ma and Chen, 2013; Yamauchi et al.,
2014).
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7.1.3 Cows

Fidani et al. (2014) reported the case of a herd of cows leaving the hill pasture and descending
near to the village two days before a strong earthquake. The milk yield of dairy cows has been
investigated in Japan (Hayakawa et al., 2016a; Yamauchi et al., 2014, 2017).

7.1.4 Horses
Codazza and Martinelli (1993) discussed the sensitivity of horses to electromagnetic field
changes.

7.1.5 Elephants

Contrary to anecdotal evidence, elephants ranging close to the tsunami impact area in Sri Lanka
did not show any unusual behavior allowing an early detection of the approaching tsunami
(Garstang, 2009; Wikramanayake et al., 2006).

7.1.6  Rodents (Mice, Rats)

Freefield and lab experiments on rodents were carried out by USGS scientists already in the
1970s (Gawthrop et al., 1976; Lindberg et al., 1981). Laboratory studies related to the
disturbance of the circadian rhythm of mice before earthquakes were reported from China and
Japan (Li et al., 2009; Yokoi et al., 2003).

Earthquake-induced stress on mice were investigated (Liu et al., 2014; Montenegro et al., 1995;
Xu and Jiang, 1989; Yanai et al., 2012).

Reptiles+Insects
10%

Mammals J
53% |

Fish
20%

Figure S1. Number of animal precursor for different animal categories. The percentages refer to a total number of
792 reports.

7.2 Birds

Behavioral changes of budgerigars before earthquakes were reported (Chen et al., 2013; Feng and
Jiang, 1992; Li, 1989, 2008; Li et al., 2003). Reactions of birds to earthquakes were described by
Yosef (1997, 2010). At first glance, this looks like an example of a poorly founded hypothesis,
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since birds live in the air and have nothing to fear from earthquakes. Why would they learn to
avoid negative impacts from earthquakes, if there are none? In fact, many reports refer to
chickens or pheasants, which live on the ground most of the time and might sense seismic waves
(see e.g. Omori, 1923).

7.3 Insects

Ants were studied (Akhoondzadeh, 2015; Apostol et al., 2016; Berberich et al., 2013; Berberich
and Schreiber, 2013; Lighton and Duncan, 2005), and laboratory experiments with silkworms
were performed by Ikeya ef al. (1998b).

7.4  Reptiles

Toad migration patterns were claimed to be a precursor to the L’ Aquila 2009 earthquake (Grant
and Halliday, 2010). Contrary, a global analysis of frog swarms revealed that most frog activities
were not related to earthquakes (Grant and Conlan, 2013). Observations of abnormal behavior of
snakes were reported by Ikeya (2004), and Tributsch (1984).

7.5 Fish

Various studies report on abnormal behavior of fish (Deshcherevskii and Sidorin, 2004; Ferasyi
et al., 2013; Frohlich and Buskirk, 1980; Heupel et al., 2003; Sidorin, 2003; Suyehiro, 1934;
Tomoda, 1998; Tweddle and Crossley, 1991).

A correlation between catch of fish and seismic swarm activity was found in Japan (Tomoda,
1998) and Lake Malawi (Tweddle and Crossley, 1991). Catfish has been studied under
experimental conditions in Japan (Hatai and Abe, 1932; Ikeya et al., 1998a; Smits, 2006, 2014).

8 Mechanisms

Excellent reviews of possible sensory mechanisms were given by Buskirk et al. (1981), and
Kirschvink (2000). Some authors argue that animals have a “sixth sense” to predict earthquakes.
According to Tributsch (1978b) this seems unlikely, because different animal groups show
abnormal behavior before an upcoming event — although their sensory capabilities differ.
Tributsch (1978b) reviewed the sensory inventory of animal groups and concluded that only
electrical fields, specifically fast field changes and long-periodic electromagnetic radiation might
affect birds, mammals, and fish equally well. Similar electrical phenomena occur during thunder
storms. From this it was concluded that aerosols might play a key role in unusual animal behavior
(Griffiths and DeCosemo, 1994; Hoenig, 1979; Krueger and Reed, 1976; Tributsch, 1978a).
Ikeya (2004) promotes electro-magnetic effects. A hypothesis has been formulated that the
hormonal balance, e.g. serotonin levels, might be disturbed by various physical processes (Chen
et al., 2010; Singh and Singh, 2012).

8.1 Acoustic waves
Acoustic waves generated by (before) earthquakes may explain unsual animal behavior (Astuti et
al., 2011; Bhargava et al., 2011; Kelley and Garstang, 2013; Shi, 1986; Stierman, 1980).

8.2 Aerosols, ionization, positive holes

The effect of aerosols, and air ionization were repeatedly proposed as a potential source for
abnormal animal behavior (Freund and Stolc, 2013; Freund et al., 2009; Grant et al., 2011;
Griffiths and DeCosemo, 1994; Hoenig, 1979; Krueger and Reed, 1976; Tributsch, 1978a).
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8.3 Electric fields

Electric fields might play a role to explain abnormal animal behavior (Bleier et al., 2010; Bufe
and Nanevicz, 1976; Dologlou, 2010; Hayakawa, 2013; Ikeya et al. 1996a, 1996b, 2000, 2004;
Katsika-Tsigourakou, 2012; Kopytenko et al., 1995; Nishimura et al., 2010; Panagopoulos et al.,
2000, 2002; Philippetis, 2009).

8.4 Gases (Ozone, H,S)

The potential role of gases is discussed by Baragiola ef al. (2011), Cain et al. (2007), and
Ganguly (2009). During crushing and grinding of rocks up to 10 ppm ozone were generated
according to Baragiola ef al. (2011). The effect of H>S on animals has been studied by Feng
(1992).

8.5 Gravity
Akhmedov (2015) proposed “gravitational receptors” which each and every animal possesses.

8.6 Ground shaking
The response of animals to Vpand Vi has been discussed by Kirschvink (2000).

8.7 Groundwater chemistry H>O;

Based on Friedemann Freund’s hypothesis, H>O2 (hydrogen peroxide) might be generated before
earthquakes at rock-water interfaces (Freund and Stolc, 2013; Grant et al., 2011; Katsika-
Tsigourakou, 2012). The effect could be demonstrated under lab conditions, but it will be difficult
to proof via field measurements, because H>O» is very reactive and decays within hours after its
generation (Balk et al., 2009).

8.8 Meteorological effects

Meteorological effects may play a significant role to cause abnormal animal behavior according
to the following authors: (Liu et al., 2010; McClellan, 1980; Nienaber et al., 1999; Segnalini et
al., 2013). Based on a retrospective study of abnormal animal behavior Lott et al. (1979)
concluded from 50 interviews that the M4.7 Willits earthquake (22 November 1977) in California
had been preceded by abnormal animal behavior. McClellan (1980) pointed out that 3 external
factors might have influenced the animal behavior, namely (i) heavy rainfall and flooding, (ii)
large barometric pressure variations, and (iii) enhanced solar-flare cosmic radiation. In scientific
hypothesis testing, meteorological effects like the ones listed above are sources of noise.

8.9 Magnetics

Although no convincing precursory changes of the magnetic field have observed to date, the
influence of the magnetic field has been discussed in the context of animal behavior (Cai and
Plenio, 2013; Kattnig et al., 2016; Kirschvink, 2014; Kirschvink et al., 2010; Ritz, 2011; Ritz et
al., 2010; Weaver et al., 2000).

8.10 Neurotransmitter
Physiological changes (neurotransmitter) were investigated (Chen et al., 2010; Hussain and Asif,
2012; Medici et al., 1985; Singh and Singh, 2012).

Data and Resources

All data used in this paper came from published sources listed in the references. The information
about seven farms with different animals established as seismic stations in Nanjing, Jiangsu
province, China was obtained from http://www.earthquakepredict.com/2016/07/animals-are-
officially-earthquake.html.
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