
PHYSICAL REVIEW E NOVEMBER 1998VOLUME 58, NUMBER 5
Mirroring of environmental colored noise in species extinction statistics

F. V. De Blasio
Department of Physics, University of Oslo, P.O. Box 1048, Blindern, N-0316 Oslo, Norway

~Received 11 May 1998!

We investigate a simple model for the evolution of mutating model populations that leads to a power law of
extinction statistics when subject to the influence of an external colored noise. The model focuses on environ-
mental noise as the main cause of the correlated character of the extinction statistics in the fossil record.
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Since the early studies of stratigraphical geology it
known that the extinction of species from the biosphere
common event at the geological time scale. On the ot
hand, due to the uncertainties in palaeoecological recons
tions at the population level there is not yet agreement
which is the main agent responsible for the species ext
tions. Interspecies competition or environmental fluctuatio
~and ecological stresses resulting from the action of bo!
have been documented in the fossil record but the statis
weight of each of these processes is not yet well establis
@1#. Extinctions due to interspecies competition are w
known not only from paleobiological studies but also fro
ecology and population biology. Recently, it has been p
posed that interspecies competition can lead to strong n
linear effects in species extinction or survival. This cau
sudden extinctions that can at least partially explain the
ture of background extinctions as found in the fossil rec
@3#. A more recent set of data has also provided suppor
1/f noise in the extinction statistics tending to favor intrins
nonlinear dynamics as underlying cause of extinctions@4#.
The evidence looks very robust and possibly even some m
extinctions might be explained in terms of nonlinear effe
in the biosphere@4#.

On the other hand, episodes of extinction have been
related with environmental changes; see, for example,@2#.
There is growing evidence that bursts of extinction can
related with speciations in different lineages, a pattern t
might be correlated with environmental variations. In t
present paper we present a simple model where extinct
are a consequence of environmental changes that may le
correlated noise in the extinction rates. The statistics of
tinctions in the model is a direct consequence of the co
lated noise present in the fluctuating environmental v
ables. It is well known that the tolerance of organisms w
respect to changes in the environmental quantities~tempera-
ture, salinity, moisture, and so on! is limited: usually the
optimal performance is restricted to a range depending on
organism’s tolerance@5#. Let us consider a population o
some kind of organism subject to the variation of the en
ronment. In general it can be assumed the environme
parameters affecting the biosphere vary with time, either
riodically or quasiperiodically or according to a more com
plex time series whose spectrum may be represented
power law. A change in one of the limiting factors of th
organism such as the temperature, if sufficiently slow, m
permit the population to:~1! evolve under the pressure sele
tion, shifting theoptimumpeak according to the new cond
PRE 581063-651X/98/58~5!/6877~3!/$15.00
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tions: this occurs through the strengthening of some phe
typic characters that favor the survival at that temperatu
~2! migrate to regions where the conditions are better
allowed by geographical constraints.

If the environmental change is too fast with respect to
time scales of mutation and migration, the population w
not be able to follow the new conditions and the phenoty
characters of the individuals in the population will shift pr
gressively out of the optimal range, leading the species
risk of extinction.

Let the model population be subject to an external~col-
ored or white! noiseEt representing an environmental var
able to which the organisms in the population are sensi
~let us stay on the example of the temperature!. Assuming
that the optimal condition can be described by one sin
phenotypic variableI t , the quantityD t5uEt2I tu will repre-
sent the deviation of the population’s average character f
the best conditions@6#. As a response to a change in th
environmental variableEt the population tries to keepD t at a
minimum through mutations and natural selection or mig
tion. In the first case the population shifts the average va
of the variableI t from one generation to the next, accordin
to the laws of population genetics@7#. We assume that to
reduce the differenceD t the phenotypic variable can jump t
a new valueI t5I t2dt6s I with a probabilityp wheres I is a
maximum allowed change of the phenotype~the existence of
a maximum jump of the phenotype is due to genetic c
straints~see, for example,@7#! and to the finite velocity of
propagation of a favorable mutation through a populatio!
and the sign is chosen in such a way as to reduce the di
enceD t . Such a process in not instantaneous in nature, bu
any case shorter than the average time of species rep
ment. If the differenceD t is smaller thans I , no changes are
made,I t5I t2dt . The change in the value ofD t may also take
into account the migration of the population as a respons
the environmental variation. For example, populations c
migrate to lower latitudes as a response to a decrease in
temperature as well known from recent events connec
with the quaternary glaciations. In the case of migration
should be more appropriate in the model to changeEt rather
than I t ; but since only the difference between these t
quantitiesD t enters into the calculations as the parame
characterizing the deviation of the populationoptimumfrom
the external value, it is formally the same to change
internal characterI t instead. Therefore, both migration an
phenotypic variation can be accommodated in the sa
model varying onlyI t . It could be technically easy and con
6877 © 1998 The American Physical Society
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ceptually more satisfactory to consider migration and mu
tion as two separate possibilities, with different paramet
and time scales. But since their relative importance in r
populations is not well known and due to the expected la
scattering among the different species, this would be ha
an improvement of the model. The important feature is rat
that the responses of the population, natural selection or
gration, need a finite time to take place, hence the existe
of a finite values I for the change ofI t at each time step.

We then assume that the probability of species extinc
increases in a simple way as a function ofD t . Since the
physiological response of an organism is often bell shape
a function of the limiting factor@8# we shall consider the
survival probability as a Gaussian centered at zero as a f
tion of D t . The extinction probability is then calculated a
pext5e@12exp(2D t

2/s)# where e is a constant ands is a
sensitivity parameter. In general, tolerant species~eurytopic!
will be characterized by relatively large values ofs, while
intolerant ones~stenotopic! by small values. For simplicity
we shall not be interested in the distinction between differ
organisms and shall keep this parameter fixed.

We now choose the time evolution forEt in the form of a
correlated time series@9#, a form that can be a good mod
for many processes occurring on Earth. Colored time se
have been considered in detail only more recently with
spect to simple white noise in ecological problems@10# and
in the analysis of the fossil record@11#. Figure 1 shows the
extinction probability as a function of time for three simul
tions. Each curve corresponds to a different value of
parameterb of the time seriesEt having power lawP( f )
' f 2b. There is a quite strict relationship betweenb and the
correlation of the extinction probability as evident from t
fact that starting with white noise (b50) the extinction
probabilities show also a statistics close to white noise. T
is due to the fact that for uncorrelated noise the popula

FIG. 1. The extinction probabilitypext from the model subject to
stochastic time series with brown noiseb52 ~continuous line, up-
per curve!, pink noise, b51 ~medium line, dotted!, and white
noise,b50 ~lower line, dashed!. To plot the graphs in the sam
figure the upper curve has been shifted up by 0.2, the medium
0.1 and the two lower curves are magnified by a factor of ten.
parameters used in the calculations are the following:s I /sE

50.11 (sE is the variance of the time series!; p50.5; e50.5; s
5300.
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cannot suffer a continuous trend towards a given direct
~increasing or decreasingEt) and will always be close to
equilibrium. The caseb51 begins to reveal a more orga
nized pattern of the extinction probabilities that becom
very evident for brown noise,b52. In the latter case som
periods of time characterized by high extinction probabil
are due to a continuous trend of the variableEt that makes
the system unable to keep the internal variableI t close toEt .
It is essential for the time series of the extinction probabil
to be colored, that the variance ofEt is larger than the prod-
uct of the maximum jump size and the mutation probabili
sp, otherwise we observe a response forpext closer to white
noise.

To complete the model we calculate the total number
speciesN resulting from such a distribution of the extinctio
probability. We use at each step the equationNt1dt5Nt
1dt(dN/dt) with

dN

dt
52pextNt1l~Nmax2Nt!, ~1!

wherepext is extracted from the previous calculation,l21 is
the time scale of recovery of species after an extinction
Nmax is the maximum number of species allowed. Figure
reports the number of species as a function of time as ca
lated from Eq.~1!. The episodes of strong extinction a
related to marked variations in the time seriesEt ~also plot-
ted in the same figure! and in particular to a constantly in
creasing~or decreasing! value ofEt . Due to the finite value
of s I representing the limited capability of mutating and m
grating the species are not able to follow the new conditio
The continuous trend towards increase or decrease ofEt ,
characteristic of colored noise, may thus drive the populat
progressively out of the optimum.

In Fig. 3 we report the value of the exponent found for t
extinction probabilitiesa as a function of the exponent of th
environmental variableEt , b. The plot shows a marked re
lation between the two quantities. In the same figure we h
also reported the statistics of extinction calculated from E
~1! as (Nt1dt2Nt)/Nt . This is a quantity more similar to the
one effectively measured in the fossil record, when one de

by
e

FIG. 2. The total number of species resulting from the mo
described by Eq.~1! subject to a brown time series,b52 ~thick
line!. The time series is reported in the lower curve with a thin li
~it has been multiplied by an appropriate constant for potting p
poses!. Nmax52000,l50.1.
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with species present in a given stratigraphic sequence
not directly with probabilities; not surprisingly the two ex
ponents are found to be close to each other. Figure 3 sh
that the exponent related of the extinction statistics can in
model be related directly to the one of the time seri
Present data from the fossil record seem to favor an expo
a close to one@4#. In the model’s view this implies that th
environmental noise should have an exponent at least la
than one. On the other hand, the presence in nature of se
varying environmental quantities with possibly different e
ponents and also periodical behavior will in general aff
the statistics of extinctions.

Finally, we would like to further comment on mass e
tinctions @12# also proposed as resulting from an extrem
response of species communities to nonlinear effects ru
species interactions@4#. If interspecies competition can i
principle explain local extinction events and their 1/f char-

FIG. 3. The relation between the power law of the external no
Et , b with the one characterizing the response of the model,a.
With full symbols we report the statistics from the extinction pro
ability and with empty symbols the one from the extinction fracti
as calculated from Eq.~1!.
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acter, its capability to account also for global extinctions
more problematic without considering also environmen
changes or at least a sort of increase in the ecolog
stresses. Since most species occupy limited regions du
the boundaries imposed by geographical and ecological c
straints, the extinction avalanches triggered by species c
petition could at most propagate only through an areaS of
that order, at odds with the world-wide character of ma
extinctions. Also the number of species involved would
limited by S with a number fraction of the orderf
;(S/C)a, whereC is an area of continental size or larg
anda an exponent between 0.2 and 0.4@13#. We estimate in
this way that interspecies competition can lead to a dis
pearance of a fraction less that 10% of the species of a
geographical region. A second barrier to global avalanche
ecological rather than geographical. Mass extinctions h
involved organisms with distant ecologies~marine and ter-
restrial for example! while presumably interspecies intera
tions would trigger contemporary extinctions of organism
with close ecologies. This is the main reason why exter
causes are usually invoked to explain mass extinctions@12#.
Regarding statistical approaches, we mention that an in
esting mathematical model for mass extinctions has appe
in the literature@14#.

Concluding, we have considered a model of a mutat
and migrating ‘‘population’’ subject to external disturban
in the form of colored noise. The basic ingredient is the fin
time that the population needs to adapt to the new chang
conditions imposed by the external environment. In brief,
correlated statistics of extinctions in the model mirrors t
one of the external disturbance. We have seen that in
model, correlated noise is essential to produce bursts of
tinction. It will be interesting to follow the future research o
the correlations between the environmental fluctuations
the extinction episodes in the fossil record.
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