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Periodicity of mass extinctions without an extraterrestrial cause
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We study a lattice model of a multispecies prey-predator system. Numerical results show that for a small
mutation rate the model develops irregular long-period oscillatory behavior with sizeable changes in a number
of species. The periodicity of extinctions on Earth was suggested by Raup and S¢pkoskNatl. Acad. Sci.

81, 801(1984], but thus far is lacking a satisfactory explanation. Our model indicates that this might be a
natural consequence of the ecosystem dynamics and not the result of any extraterrestrial cause.
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The Earth’s ecosystem is certainly a subject of intensiveas mutation and competition mechanisms. There is already a
multidisciplinary research. Researchers in this field believevealth of papers where various models of this kind were
that at least some basic understanding of this immenselgxamined 9], but none of them reported a long-term period-
complex system can be obtained using relatively simpldcity of extinctions. There is, however, one aspect that these
models that, nevertheless, grasp some aspects of its rich bexodels are missing and that is perhaps quite important;
havior[1]. Of particular interest in the physicists’ community namely, they neglect spatial correlations between organisms.
is the dynamics of extinctions of specig. Palaeontologi-  From statistical mechanics we already know that when the
cal data, which show broad distributions of these events igpatial dimension of the embedding space is rather low, such
the Earth's history, suggest the existence of strong, perhapgyrelations might play an important role, and hence more
power-law, correlations between extinctions. Similar correlayegjistic models of the ecosystem should take them into ac-
tions appear in the so-called critical systems and such agq nt.

a.nalogy 'resglted in a wealth of interesting models that €ON" 1 the present paper we study a multispecies lattice model,
sider extinctions as a natural consequence of the dynamics 8} an ecosystem. In our model, predator species compete for

an ecosysterhi3]. However, fossil data are not entirely con- . . .
vincing, and it is not clear to what extent the analogy withf.OOd (prey) and spaceto place an offspring This competi

critical systems hold. Futhermore, a number of researchefion combmed with a mutation m.echanlsm leads to the_ per-
prefer an alternative explanation where extinctions appea(r)dIC behavior, although, in addition, some charactenstlcs of
because of external stresses imposed on the ecosystem 94" model(such as, e.g., the number of spegisisow strong
e.g., impacts of comets or meteorites or increased volcaniglochastic irregularities. Sometimes our system is populated
activity [2]. The popularity of theories of exogenous origin Py @ group of medium-efficiency species. But this coexist-
of extinctions increased when Raup and Sepkoski conclude@nce at a certain moment is interrupted by the creation of a
from analyzing fossil date that big extinction events duringSPecies that is more efficient and able to invade even a sub-
the last 250 million years have been occurring with a peri-stantial part of the system. However, the reign of such an
odicity of about 26 million yeafd]. Several theories, mostly apex predator does not last long. It is a fast-consuming spe-
of astronomical origin, have been proposed to explain such géies and quickly decimates the population of the prey, which,
periodicity’ but none of them is confirmed or Commomy ac-in turn, leads to its own decline. Such a situation opens up
cepted[5]. Although the Raup-and-Sepkoski analysis washiches that again become occupied by less-effective species
put into question6], the more recent analysis confirms a that survived the invasion or were created by mutation, and
similar periodicity of extinction§7], keeping this fascinating the situation repeats. Simulations show that the smaller the
hypothesis still open. mutation probability, the larger the periodicity of such a be-
Lacking firm evidence of any exogenous cause, one cahavior. Although it is difficult to assess, we expect that the
ask whether the periodicity of extinctions can be explainednutation rate in real ecosystems, as interpreted in the context
without referring to such a factor, or, in other words, whetherof our model[10], is very small and the presented model
it is possible that the ecosystem dynamics produbsgsit- might at least suggest an explanation of the 26 million years
self) oscillations on such a long time scale. Since the seminaperiodicity of big extinctions as a natural consequence of the
work of Lotka and Volterra, an oscillatory behavior is al- €cosystem dynamics, not as the result of an external pertur-
ready well known in various prey-predator systdrh$], but ~ bation.
the periodicity of oscillations of densities in such systems, Our model is a multispecies extension of an already ex-
which is determined by the growth- and death-rate coeffiamined prey-predator modgl1]. At each sitei of a square
cients of interacting species, is of the order of a few yeardattice of linear sizeN we have the four-state operatqrthat
rather than millions. Prey-predator systems, where such agorresponds to this site being emiky=0), occupied by the
oscillatory behavior was studied, are typically quite simpleprey (x;=1), by a predator(x;=2), or by both of them(x
and consist of a fixed and rather small number of speciess3). Each predator is characterized by a real number param-
Certainly a model capable of describing the dynamics ofeterm; (0<m; < 1), which we will call size(m; is meaning-
extinctions should include a large number of species as weful only wheni is occupied by a predatoiVe also introduce
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the relative update rate of the prey and predatof®<r o VP W e

<1) and the mutation probability. The dynamics of this 08 o001 & 1 300l p=0001. . |
model is specified as followgi) Choose a site at random 06 L j

(the chosen site will be denoted by (ii) With the probabil- Z o4l P | =200 7 ’ 1

ity r update the prey at sife(i.e., if x;=1 orx; =3, otherwise ’ wo b E

do nothing. Provided that at least one neighlieayj) of the 02 W ]
chosen site is not occupied by the prgg., x;=0 or x;=2), ® ol o0z o3 o4 Y0 ol o2 o3 o
the prey at the siteproduces an offspring and places it on an R ’ ' Ty ’

empty neighboring sitéf there are more empty sites, one of

them is chosen randomlyOtherwise(i.e., if there are no FIG. 1. Average sizen, fraction of a dominant predator species

empty sitey the prey does not breedii) Provided thai is f, and the number of specisss a function of update rate Results
occupied by a predatdi.e., x,=2 or x;=3) update this site of simulations do not depend on an initial configuration, and usually
.e., i

with the probability (1-r)m, wherem is the size of the it was a random distribution of prey and predators.

predator at sité. If a chosen site is occupied by a predator o\ created species will have a larger size than the domi-
only (x=2), it dies[i.e., the site becomes empty=0)]. If 1 ant’species and will be able to invade the system. Figure 1
there is also prey thereg=3), the predator consumes the 5154 shows that a much different behavior appears for..
prey(i.e., X is setto 2and, if possible, places an offspring at | this case a dominant species occupies only a small frac-
an empty neighboring site. For a predator of Sigeit i tjon of a systenfthe comparison with the results for system
possible to place an offspring at a sjtprovided thaf is not  gjze N=200 shows a stronly dependence and suggests that
occupied by a predatdyx;=0 or x;=1) or is occupied by & for JargerN the fractionf will diminish to zerd. Moreover,
predator(x;=2 or x;=3), but of a smaller size tham, (in  the average sizen differs substantially from unity, which
such a case a smaller-size predator is replaced by an offygicates that having a large size is no longer an advanta-
spring of a larger-size predajorAn offspring inherits the  geous feature. Another indication of a more complex behav-
parent's size with the probability 1p; and with the probabil- jor in this case, is a large increase of the number of species.
ity p it gets a new size that is drawn from a uniform distri- |, our opinion, it is the regime for<r, whose complex
bution. _ _ dynamics might resemble the behavior of realistic ecosys-
_ One can see that the sieg of a predator determines both tems. To have a better understanding of the behavior of the
its update rate and its strength when it competes with othefyogel in this regime we present a time dependence of some
predators for space. Although the increased strength is abs jts characteristics. The unit of time is defined as a single,
ways favorable, the larger update rate might be a disadvany, average, update of each gite., it is made oN2 elemen-
tage when prey do not reproduce fast enough. As it will be(ary single-site updatgsAlthough in Fig. 2 densitiegy, p,
shown below, the behavior of our model is very much influ-3nq the average size show a relatively regular oscillations,
enced by this property of the dynamics. _ the number of speciesis much more irregular. During pe-
‘The already-studied single-predator versidri] is ob-  yjods of multispecies coexistence, predators have a rather
tained when all predators have a unit simg=1 and sup-  gma|| size(they eat slowly, which enables them to sustain
pressed mutationp=0. In such a case, for>0.11 the e relatively large density. As a result the density of prey
model is in an active phase with positive densities of pigy ,  is rather small. At a certain moment, however, a predator
(which is a fraction of all sites such that;=1 orx;=3) and  of 5 large size is created and starts to invade the system. As
predatorsp (fraction of all sitesi such thatg=2 orx=3). 4 result the number of speciesapidly decreases whilm

Forr<0.11 the update rate of prey is too small to sustain anfncreases. Moreover, the densjiydecreases, and this is re-
active phase, but it is a population of predators that becomes

extinct and the model enters an absorbing state where al 3

sites are occupied by prey. In the active phase close to the =0.2, N=1000 m e
transition point(0.11) one observes oscillations pf and p, 2.5 p=0.00001 Po
but the amplitude of these oscillations diminishes in the ther- P ]
modynamic limitN— oc. On the other hand, for the model on 2

the three-dimensional lattice such oscillations most likely

persist in this limit[11]. S 15

To examine the behavior of our model we used simula-g
tions and measured its various characteristics, such as dens’ &
ties of preypy and predatorg, the average size of dominant '(
predatorf, the average size, the number of species and 0.5 V-
the lifetime of predator species. To defisewe classify :
predators into species according to their size. Some of thes:

guantities are presented in Fig. 1. One can see that for 0 50000 100t000 150000 200000
>r.~0.27 predators in the system belong essentially to one
dominant(f ~1) species of a large sizen~1). Of course, FIG. 2. Time dependence of the number of spesié® super-

mutations create, from time to time, some other species bytose with other data it was divided by )@verage sizen, density
they occupy a negligible portion of a system—unless af prey po, and density of predatoys
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FIG. 3. Time dependence of the number of species(fiam FIG. 4. Logarithmic plot of the probability distribution of life-
top) p=0.00001, 0.0001, 0.001, and 0.01. To superpose the data Qfag of predator species.

a graph the actual values sfvere divided by some factors. Such an
operation does not change a characteristic period of fluctuations and o o
their relative amplitude. Inset shows the period of oscillatiars a  Period of oscillationsr more quantitatively, we calculated the

function of mutation probabilityy obtained from the maximum of Fourier transform of the time-dependent number of spexies
the Fourier transform of the time dependence of the number ofother characteristics like, pq, or p give basically the same
speciesN=1000. resuly. The period of oscillations as extracted from the
maximum of this transform is shown on the logarithmic scale
in the inset of Fig. 3. Straight-line fit corresponds to the
lated to the fact that a predator of a large size consumes predependence~ p 3L but calculations for larger system size
too quickly and is simply running out of food. Hence, the N or smallerp might modify this estimation.
population of this predator in some places disappears, which As we already mentioned, the amplitude of oscillations in
creates areas where prey can breed without being consumedr model is determined by the combination of two factors:
by predators, and that is why the densityafter an initial  system sizeN and mutation probabilityp. That 7 increases
short decline increases to a relatively large value. However, for decreasing is an important result. It shows that, for a
large-size species cannot keep its dominance for a long timemall mutation probabilityp and finite but large system size
because large empty places occupied mainly by prey constN (i.e., specifications of the real ecosysjetie model de-
tute ideal niches for other predators as well. As a result, theelops long-period oscillatory behavior with sizeable
model is driven again toward a multispecies coexistence. changes of, e.g., the number of spe@est might be inter-
An important question is how these oscillations behaveesting to note that for the single-predator verdiaf], with
for an increasing system siaé Comparing(not presented m;=1 and p=0, the period of oscillations in the two-
results for different values df, we expect that the amplitude dimensional case for=0.2 is ~30. For the present model
of these oscillations will diminish to zer@eriod of oscilla- and for p=0.00001 the period of oscillations is larger by
tions does not seem to depend Wi This is because for a almost three orders of magnitudeee the inset in Fig.)3It
sufficiently largeN the system is essentially decomposedshows that the periodic behavior in our model has a much
into several independent domains where multispecies andifferent mechanism than the Lotka-\olterra oscillations in
fewer-species periods are uncorrelated and fluctuations casimple prey-predator systems.
cel out. However, there is an additional factor that is respon- One of the properties often analyzed in models of ecosys-
sible for the size of these independent domains and thus thtems is the lifetime distribution of species. Palaeontological
amplitude of oscillations, namely, the mutation probability data suggest some broad distributions, but they are, again,
Indeed, the end of the multispecies period in a certain donot very conclusive and both exponential and power-law fits
main is induced by the creation of a large-size predator. Focan be mad¢2]. The lifetime distribution for our model is
the decreasing mutation probability such events will be shown in Fig. 4. Although fop=0.01 the numerical results
less and less frequent and multispecies domains will haveuggest an exponential distribution, for smaltethe situa-
more time to grow. We thus expect that for decreagirtpe  tion is less clear. Especially, fgr=0.00001 it seems that a
size of such domains should increase and, as a result, ftwroader, perhaps a power-law, distribution might better de-
finite N the amplitude of oscillations should also increase.scribe the lifetime of our species.
Moreover, the period of these oscillations, which is deter- It would be interesting to further analyze our model. For
mined by the time needed for such domains to grow, shouléxample, one can implement a less abrupt mutation mecha-
also increase. Simulations, as shown in Fig. 3, confirm suchism, where a new species will be only a small mutation of a
a behavior. Let us note large fluctuations for0.00001, parental species. Such a modification probably results in a
where the number of species after an invasion drops roughlpnger period of oscillation and might be more suitable for
by a factor of two. To examine thp dependence of the comparison to the real ecosystem. Another possibility might
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be to examine the differences in, e.g., lifetime distribution ofduring such periodgl2], and a comparison to the predictions
species before and after an extinction. That such differencesf our model, if feasible, would be very desirable.

exist is suggested by the asymmetry of our data in Fig. 2,

where the changes in a preextinction period seem to be dif- | thank M. Droz(Univ. of Genevaand A. P&alski (Univ.
ferent than in the postextinction period. Palaeontologicabf Wroctaw) for interesting discussions. The research Grant
data also show certain differences in longevity of specieiNo. 1 PO3B 014 27 from KBN is gratefully acknowledged.
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