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We present a model of evolutionary ecology consisting of a web of interacting individuals, a tangle-nature
model. The reproduction rate of individuals characterized by their genome depends on the composition of the
population in genotype space. Ecological features such as the taxonomy and the macroevolutionary mode of
the dynamics are emergent properties. The macrodynamics exhibit intermittent two-mode switching with a
gradually decreasing extinction rate. The generated ecologies become gradually better adapted as well as more
complex in a collective sense. The form of the species abundance curve compares well with observed func-
tional forms. The model’s error threshold can be understood in terms of the characteristics of the two dynami-
cal modes of the system.
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[. INTRODUCTION tent dynamics, to be interpreted as extinction and creation

events at the higher taxonomic levels. The entire taxonomic

The dynamics and organization of biological ecosystemdierarchy is an emergent property of the dynamics at the

is a fascinating example of complex interacting systems witimicroscopic level of individuals. We characterize the con-
many levels of emerging structure and time scales. Biologifigurations generated in genotype space in terms of the spe-
cal evolution creates intricate taxonomic hierarchies presurries abundance curve, and find a good qualitative agreement

ably as an effect of mutation, natural selection, and the en¥ith the functional form typically found for real ecosystems.

suing adaptation. Taxonomic structures from the level oflhe intermittent dynamics is characterized by the statistics of

individuals through species and genera up to kingdoms arif€ duration of the quasistable epochs or in other words the
generated and vanish again in a never ending successiojaiting times between transitions. We find a broad distribu-

Different strata in the hierarchy are described by very diﬁer-t'on. of _duratlons and ob_serve a grad_ual change of the average
extinction rate. No stationary state is ever reached.

ent time scales and with very different types of dynamics. At
the level of individuals, fairly well defined characteristic life-
times exist for each specific tygspeciesand the population Related models

dynamics can be considered smooth. This picture changes as Many mathematical models of biological evolution have

one considers the system at the more coarse grained level gfopy developed according to the usual statistical mechanics
species and genera. The lifetime d|str|bufuon_ of_, €.9., generggenda of generating the macroscopic complex behavior
is broad(see, e.g., Ref1]) and the dynamics is intermittent from simplistic microscopic definitions. An elegant review of
[2-5]. In the spirit of the traditional approach of statistical this endeavor has recently been given by Dro$g¢l For
mechanics it is interesting to consider models, defined at geviews from a more biological point of view, see, e.g., the
microscopic level, which are able to reproduce the largawo excellent papers by Buf8] and Leroi[9]. Here we limit
scale temporal and taxonomic structures. ourselves to a discussion of similarities and differences be-
In the present paper we consider a model of individualgween our model and related studies.
identified solely by their genome. The model was introduced Let us first mention models that define the ecosystem in
in Ref. [6] (where we presented a discussion of the qualitaterms of individuals. Higgs and Derrida0] studied specia-
tive featurey under the name the tangled-natuf&aNa tion in a model consisting of a fixed number of individuals.
model with an allusion to Darwin’'s notion of théangled Each individual is represented by a genome modeled as a
Bankto stress the model's emphasis on ecological interacstring of zeros or ones, like in Eigen and co-workers’ seminal
tions. We combine ecology with evolution by consideringwork on quasispecig<l1]. Higgs and Derrida demonstrated
interacting individuals that can multiplgsexually or asexu- that a sexually reproducing population breaks up into distinct
ally) subject, potentially, to mutations. The size of the totalspecies when only individuals with a sufficiently similar ge-
population fluctuates, the average being controlled by th@ome sequence are allowed to produce offspring. This agrees
amount of available resources. From these three minimal inwith a large bulk of experimental workl2]. Gavrilets and
gredients emerge segregation in genome space, to be intee-workerg 13—15 have made use of similar models gener-
preted as the appearance of species, and a complex intermitlized in particular to be able to study geographical and tem-
poral aspects of speciation. These studies differ from ours in
assuming a fixed population size and by defining a fithess
*Author to whom correspondence should be addressed. Emaflinction for pairs of individuals that is constant if the Ham-
address: h.jensen@ic.ac.uk; URL:http://www.ma.ic.ac.uk/~hjjens/ ming distance between the genomes of two individuals is
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small enough, and zero otherwise. Our model allows the totalate. As we shall see below our individual based model also
size of the population to fluctuate and the fitness of pairs oéxhibits a decreasing average extinction rate, a property
individuals (or in the asexual case single individuade- found to be consistent with analysis of the fossil recidr
pends on the composition of the population at a given instant The paper is organized as follows. In the following sec-
in time. tion, we define the model in detail. In Sec. Ill we discuss the
It is also important to mention the fitness landscape apmodes of the model's emergent dynamics. In Sec. IV we
proach first pioneered by Wrightl6,17, who considered show how the configurations generated dynamically gradu-

gene frequencies, and was brought to the attention of thally become better adapted in a collective sense. Section V

statistical mechanics community mainly through Kauﬁman,sdgmonstrates .th‘f"t th? gcologies generated in 'the model ex-
so-called NK model[18,19. The main focus of the NK hibit characteristics similar to those observed in real ecolo-

model, and of the later coevolutionary NKC modéB], is gies. _Section VI co_ntains an analysis of the error 'Fhreshold.
the study of epistatic interactiorithe influence of one gene Ve briefly present in Sec. VIl a scan of the behavior of the
on another by use of fitness functions. The main difference M0del for a range of the control parameters and in Sec. VIIl
between our model and Kauffman’s models is that the fitnes&/® conclude and summarize.
of an individual in our system depends on fleguenciedy
which other locations in genotype space are occupied. Il. DEFINITION OF MODEL

Taylor and Higgq20] have studied pleiotropy and epista-
sis (the influence of one gene on several traits and the influ,Eh
ence of one gene on anothém a model that combines and
generalizes aspects of the Higgs-Derrida model with the epi-

We describe here in detail the structure and dynamics of
e tangled-nature model.

static interactions of Kauffman’s models. Taylor and Higgs A. Interaction
then derive a phenotypical fitness for the specific genotype. We represent an individual by a vectors®
Kaneko and Yomd21] have also studied models in which =(s2 s2, ... S%) in genotype spacé. This representation

the difference between phenotype and genotype is accountqgifrequenﬂy used; see, e.g., Ref$0,11,13,19,3R HereS*
explicitly. In our model we make the drastic simplification may take the values 1, i.e.,S* denotes one of the comners
not to distinguish between genotype and phenotype. of the L-dimensional hypercubgn the present paper we use

Other models consider species as th_e_ elementary build_inlg_;: 20). The coordinateS" may be interpreted as genes with
block; these models neglect the specifics of the dynam|c§N0 alleles, or a string of either pyrimidines or purines. We

arising from reproduction and mutations at the level of indi-think of genotvpe spacs as containing all possible wavs of
viduals. The simplest of these models is the Bak'Sneeregombinir?g th(}a/pgen%mic building blgcks pinto genon¥e se-

model[22]. The model aims to demonstrate that coevolutlon-quences_ Many sequences may not correspond to viable or-

ary interactions are sufficient to p_roduce intermittent dynam'ganisms. Whether this is the case or not is for the evolution-
ics that is then related to intermittency in the fossil record

S.oar nami rmine. All ibl n rem
and to Eldredge and Gould’s concept of punctuated equmba y dynamics to dete © possible sequences are made

. >_5 Each ies is ch terized b inal b available for evolution to select from.
rium [2-5]. Each species is characterized by a single number Individuals are labeled by greek letterg,B, ...

between zero and one, the fitness, and the total number 0=f1,2, ... N(t). When we refer, without reference to a spe-

species is kept constant. The model has interesting stansucgllnc individual, to one of the 2 positions in genome space

properties but is difficult to relate to biological evolution. ’ : ; '

) : we use roman superscript§®, S, ... with a,b, ...
Species level models of more detail than the Bak-Sneppen ) o
=1,2,...,2. Many different individualsS®,<?, ..., may

model have been formulated recently by McKane, Alonso, " S, |

and Sole[23] and by Drossel, Higgs, and McKaiig4]. The ’res_:%eé (;nbﬁne cs)?r;]r? iﬂ%is\lltilc(i)l?él té) IPesfoduce is controlled

emphasis in these models is on predator-prey interactions y . P

and food webs and are generalizations of early work by Ma y H(S"D):
[25] and May and Andersof26]. Our model is intended to 1
include all types of interactions between individuals, e.g., H(S*t)= E J(S*,S)n(St) — wuN(t), (h)

antagonistic or collaborative relationships, in addition to cN(t) écs

predator-prey competitions. Another important difference is
that we define our model at the level of individuals in orderwherec is a control parameteisee below, N(t) is the total
to be able to study the emergence of species, something neumber of individuals at timg the sum is over the'2loca-
possible in a species based model. tionsSin S andn(S;t) is the occupancy of positio8. Two
Most models of biological evolution assume that the dy-positionsS* and S° in genome space are coupled with the
namics is in a statistically stationary state. One marked exfixed random strengtd®’=J(S*,S) that can be either posi-
ception is the model considered by Sibani and co-workeréve, negative or zero. The coupling is nonzero with probabil-
[27-30. This is an abstract species based model consistingly ® (throughout the paper we uge=0.25), in which case
of random walks in a rugged fitness landscape. The statistioge assumg?®+ J*? to be a deterministic but erratic function
of the jumps in this landscape are the same as the recowf the two positionsS* and S°. We have checked that the
statistics considered some time ago by Sibani and Littlewoodpecific details of the form of the distribution of the nonzero
[31]. The pace of the dynamics of the model gradually slowsvalues of the function)(S?,S°) are irrelevant. We choose
down as indicated by a logarithmically decreasing extinctionaccordingly a form mainly determined by its numerical effi-
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ciency. In the following subsection we describe the details of (+ +)
the specific procedure used. The distribution of the generated ?
interaction strengths is shown in Fig. 3 below.

1. Generation of interaction matrix

The interaction between two locations in genotype space,
S and S is generated as a product)(S?,S)
=0(S,)1(S,S). The first factor®(S?,S") is obtained
by interpreting the sequenc& and S° as binary numbers
(letting —1—0) and perform theXOR operation on the bi-
nary pair to obtain a new integer. This integer is used as an
index in a lookup list to obtain eitha O or 1 as thealue of
0($2,9). In case 1 is returned, the element of ti&?,S°)
matrix is obtained in a similar way. This time, however, two
arrays are needed. Each auxiliary array is of lendtra@d
now the arrays contain uniformly distributed random num-
bers drawn from the intervgi—1,+ 1]. The pair of arrays is FIG. 1. Examples of possible realizations of the couplid@fs
necessary 'n_ order _to_ reproduce the asymmetry of th‘ta)etween different position$* and S’ in genotype space represent-

1 (S},S°) matrix. Two indices are generated from t82and ing collaborative (+,+), antagonistic £,—) or predator prey

SP. The first one via the samEOR operation is used to (+,-), and (—,+) relationships.

calculate the® (S?,S?) matrix element, whereas the second

is simply the integer representir®. The strength of inter- 14 4 broad range of possible couplings and, hence, to a small
action is taken to be the product of the members of eackg|ye ofc.

array at the appropriate location. This ensures that the ele- The conditions of the physical environment are simplisti-
ments of the matrices are nonsymmetric due to the seconghlly described by the termuN(t) in Eq. (1), whereu de-
array index depending on the order of the operation. Thisermines the average sustainable total population size. That
procedure is numerically extremely efficient and determinisds, the total carrying capacity of the environment. An in-
tic, but has the side effect of generating a distribution of acrease inu corresponds to harsher physical conditions. This
slightly unusual form, see Fig. 3. is a simplification, though one should remember that what is

We stress that the coupling matrdXS*,S°) is meant to  often considered as the physical conditions, e.g., temperature
includedall possible interactions between two individuals of or oxygen density, is to a degree determined by the activity
a given genomic constitution. In our simplistic approach, aof other organisms and is therefore really a part of the biotic
given genome is imagined to lead uniquely to a certain set ofonditions. Consider, for example, the environment experi-
attributes(phenotype of the individuals/organisms. The lo- enced by the bacterial flora in the intestines. Here one type of
cations S* and S represent blueprints for organisms that bacteria live very much in an environment strongly influ-
existin potentia The positions may very likely be unoccu- enced by the presence of other types of bacteria. In this sense
pied but, if we were to construct individuals according to thesome fluctuations in the environment may be thought of as
sequences?® and & the two individuals would have some included in the coupling matrid(S?,S).
specific features. The relationship between an organism of
designS? and one of desig®® may be as predator and prey
or parasitic, i.e.J3*>0 andJ°2<0, but it can also be col-
laborative §3°>0 andJ®®>0) or antagonistic J?°<0 and Asexual reproduction consists of one individual being re-
JP3<0), see Fig. 1. And certainly in some casE® may placed by two copies. Successful reproduction occurs for in-
represent less direct couplings, e.g., some animals may néividuals S* with a probability per time unit given by
eat trees, nevertheless they breath the oxygen produced by
the rain forest. In order to emphasis co-evolutionary aspects v SXHH(S1)]
we haveexcluded“self-interaction” among individuals lo- Poif(S,0)= T+exgH(S%)] [0.1]. )
cated at the same positiddin genome space, i.eJ(S,S) '
=0 for all SeS. It is important to mention that including ) o )
self-interactions of the same order of strength aslticeu- I the case of sexual reproduction an individul is
plings do not change the qualitative behavior of the model.Picked at random and paired with another randomly chosen

The width of the distribution of couplings in the first term individual S* with Hamming distanced=33;_,|S"~Sf|
in Eq. (1) is determined by the parameterTheJ(S%,S%) are  <Upax (@llowing at mosid, ., pairs of genes to differ The
all distributed between-1 and 1 and therefor@(S?,°)/c  pair _produces an offspring y with  probability
can assume values betweerl/c and 1£. A very inhomo-  VPorf(S%t)Pori(SP.t), whereS! is chosen at random from
geneous population, in which different types of individualsone of the two parent genes, eith#f or SF. Fordnac1
can influence each other in very different ways, correspondthis procedure may be thought of as being similar to recom-

B. Reproduction, mutations, and annihilation
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bination. The maximum separation criterion has been studiec
by several authors, see, e.g., Ré¢fd,13.

We allow for mutations in the following way: with prob-
ability py,.¢ per gene we perform a change of si§i—

— S/, during the reproduction process.

For simplicity, an individual is removed from the system
with a constant probability,;;, per time stepwe usepy;,
=0.2). This procedure is implemented both for asexual an
sexually reproducing individuals. Darwinian evolution as- :
sumes that reproduction rates are of prime importance. Th
total number of offspring produced by an individual will of
course depend op,s; as well as on the duration of the
period during which the individual is reproductively active,
which on the other hand depends ppgy since py;; will S e e e
affect the life expectancy of a particular individual. It is im- 0 10000 20000 30000 40000
portant to mention that our main interest is concerned with time (generations)
long time behavior at the level of the entire ecology, e.g., the
lifetimes of specieqor types rather than the lifetimes of FIG. 2. The occupation in genotype space plotted as a function
individuals. Given this perspective, the assumption of a conef generation time. The genotypes are enumerated in an arbitrary
stantpy;; common to all individuals, is not expected to be amanner. If a position is occupied at a given moment in time, a dot is
serious limitation. We simply let the genotype dependence oplaced at the corresponding number alongytfeis at that instant
Poss to account for the combined reproductive efficiencyin time. Parameters ae=0.5, 4=0.005, and.pp,=0.25.
caused by an individual's reproduction rate and lifetime ex-
pectancy. The fitnes,;1($,t) of individuals at a positiol$? depends

A time step consists afneannihilation attempt followed on the occupancy(SP,t) of all the sitesS® with which site
by one reproduction attempt. One generation consists 0of5? is connected through coupling&®. Accordingly, a small
N(t)/pyi; time steps, which is the average time taken to kill perturbation in the occupancy at one position may be able to
all currently living individuals. disturb the balance in Eq4) betweenpy:+(S;t), Ppyin . and

Initially we place N(0)=500 individuals at randomly p.,:ONn connected sites. In this way an imbalance at one site
chosen positions. The results are independent of initial conean spread as a chain reaction through the system, possibly
ditions. We obtain the same results if all individuals are lo-causing a global reconfiguration of the occupancy in geno-
cated at the same position initially. type space.

The present paper’s main focus is on the asexual mode of We show in Fig. 2 the occupancy in genotype space plot-
reproduction and results presented are for asexual individuated as a function of time for asexual reproduction. Periods of

i i
zenen

I?Label

sitio

Po

except otherwise stated. stable configurations are separated by fast transitions. We
have called the stable periods as “quasievolutionary stable
IIl. DYNAMICAL STABILITY strategies”(qESS since they are reminiscent of the evolu-

tionary stable strategid&S9 introduced by Maynard Smith
Neglecting fluctuations in the occupaney(S,t), the  [33]. The transition periods between the qESS are character-
above dynamics is described by the following set of equaized by a rapidly changing occupation in genotype space. We
tions (one equation for each position in the genotype space ca|| these periods fonectic periodso emphasize the hectic
rearrangement of the occupation of positions in genotype

N(S,t+1)=n(S,)+{Pors(S,H[2(1~Prud* 1] space, i.en(S;t) changes very rapidly as a function of
n(St) during the hectic phases in contrast to the situation during
_pkill}W"'zpmut(l_pmut)l__1 the Q_ESS- ) ] ] )
It is interesting to investigate just how stable the qESS
n(s',t) are. We have done this by applying different types of pertur-
x > poff(slat)Wy (3)  bations in the gESS. The result is that the qESS are very
("9 stable against global perturbations, such as a brief or a last-

where the sum is over the nearest neighborS.@tationary ing increase in control parametegsc or P - Changes of
up to 50% in these parameters, either permanently or for a

solutions require the system to find configurations in geno-

type space for which all positions satisfy the demand thaP.eriOd Of. 100_generations, only_ effect the tOt"?‘l populati_on
eithern(S,t)=0 or if n(S.t) #0 [neglecting the mutational size and is typically not able to kick the population out of its

back flow represented by the last term in E8)], we must present qESS configuration in genotype space. In contrast, a

h similar perturbation of the mutation rate easily destabilizes
ave . .
the gESS configuration.
We stress that the segregatitor speciation to be dis-
poff:LEp Ess (4)  cussed below is an effect of different couplings between dif-
2(1-ppt—1 ¢ ferent positionsS* and S°. When we assumé(S?,S°) =J,
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-1 0.5 0 L, s 1 FIG. 4. The probability density function for the weight function
Interaction strength, J(s's’) H (main frame and reproduction rates, (insed during the hectic

transitions(dashed curveand in the qES$solid curve. Parameters

FIG. 3. The distribution from which the values of the couplings arec=0.08, = 0.005, and_py,y=0.25.

J(S},S") are drawn at the start of the simulatiofgashed curve
together with the probability density function of the couplings be-
tween occupied sitessolid curve during the hectic periodgtop
pane) and during the gESSbottom panel Parameters are
=0.01, £=0.01, andLp,,~=0.2.

H in this band are so negative that the corresponding
poif(H) are negligible(see the inset in Fig.)4 Genotype

positions corresponding to this band consist of unfit positions
next to highly occupied and very fit positions. The reason

independent o8 andSP, the population is not concentrated these_positions are occupied at ‘?‘” is th_at th_ey are _supplied by
around a subset of the positions in genotype space, instedputations occurring on the neighboring fit positions. The

the population is smeared out through the space in a diﬁusgonclusion of these considerations is that the dynamics dur-

manner. Self-interaction, however, can cause segregation in”ag”tgequﬁS as Wﬁ" as dur;n.gdt.h(.adhelctlc .p:rloc:s are con-
rather trivial way. Namely, if we include a distribution of foled Dy the reproduction of individuals witH values in

J(S,S) values, segregation may occur even in the case Wherttk,Je two resp.ect|ve peaks p(H). . . .
all interaction terms assume the same vaLﬂ(@a,Sb)=J0 Thg location of .the peaks qi(H) 1S determined |n.the
for '+ S°. However, this type of selection of configurations foIIo_v_vmg way. During the heCt.'C p_enods the occupation of
in genotype space is not very interesting since for the sites tBOS't'.ons Ingenotype space 1s hlghly unstable a8t
become occupied is determined by the arbitrarily assignedL 1) IS only _related tcn(S_,t) in an erratic way, the balance
self-interactions)(S,S) and not by the collective dynamical €duation(3) is never fulfilled for nonzera(S,t)=0. The
adaptation at play whed(S,S)=0 andJ(S*, ) assumes a _onIy constraint onp,¢¢ durlr_lg the he_ctlc periods is accord-
distribution of differentJ values. In reality one will expect Ngly that the total population remains constant on average,
the selection of species to be caused by a mixture of selfvhich implies that on average,;= p . This explains why
interaction and interaction between different species. To dgl" Fig- 4 the peak ip(H) during the hectic periods corre-
cide which one is dominant might be difficult and will cer- SPONdS t0 a peak ip(po7) centered ap,=0.2. The situ-
tainly be system specific. ation is dlﬁergnt durlng the qESS. Here the Qccupatlon_of the
There is a significant difference between the distributionS€!€ctéd positions in genotype space remains approximately
of active couplingsp,.{ J(S*,S)], in the gESS and the dis- constant and Eq4) applies. Substltu.tmg the relevant values
tribution during the hectic transitions. We show in Fig. 3 thePxill =0-2, Pmut=0.0125, andL =20 into Eq.(4) produces
distribution from which thedy,«(S*,S?) are sampled to- Pofi=0.36, which explains the position of the peak in
gether with the distribution of couplings between occupiedP(Porr) during the gESS.
sites after a large number of generations. During the hectic
phases there is clearly no noticeable difference between the IV. TIME-DEPENDENT AVERAGES
“pbare” distribution of the J(S*,S") and the distribution of
active couplings, i.e., couplings between occupied positionsm
During the gESS we observe a slight bias towards positive
values of the active couplings. This slight shift towards MOr€iate increases exponentially withand is therefore unreach-

positive couplings will, according to Egél) and(2), lead to ; :
an increased reproduction rate during the gESS. The manf{ble for any biologically relevant values bf

festation of this difference between the hectic periods and the
gESS is illustrated in Fig. 4. We see that the distributioi of
values in the gESS during both modes of the dynamics con- The gradual change in the statistical measures of the
tains a narrow peak. In the qESS, the peab(hl) is sepa- model is seen directly as a slow increase with time of the
rated from a strongly negative band of support. The values ofiverage duration of the gESS. To demonstrate this we show

For simplicity we concentrate again on the asexual model
this section. For large genome lendthithe system is al-
ways in a transient. The time needed to reach the stationary

A. Increasing g-ESS durations
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FIG. 5. The average number of transitions during a window of  FIG. 6. The ensemble averaged total populatiop) and diver-
size T=1000 generations as a function of generation time. Paramsity (bottom) as function of generation time for the same ensemble
eters arec=0.01, x=0.01, andLp,,,=0.2. The average is over as in Fig. 5.
400 realizations.
confirm that the average offspring probability always re-
mains constant over the entire run. In biological observations
and experiments, for reasons of uniqueness, the reproduction
rate is identified aditness In this sense the fitness of the
individuals remains, on average, constant in the TaNa model,
as presumably is also the case in biological macroevolution;
hough the microbial experiments by Lenski and Travisano
34] demonstrate that the reproductive fitness can increase as
a result of adaptation in microevolution.

in Fig. 5 the average number of transitiofis(t) between
gESS within a time window of fixed siZ€ as a function of
time t measured in number of generations. We chobserf-
ficiently big to get reasonble statistics on the number of tran
sitions duringT generations and keépsmall compared with
the total number of generations simulated to be able to fit i
a large number off windows. The result does not depend
qualitatively on the choice of. It is clear thatQ(t) de- . : .
creases with increasing however, it is very difficult to ob- The Increase in the average population 5@%{0’) Ob.'.

tain sufficient statistics to be able to determine the 1‘unctionagg]veer(;lﬁ'é1 ::r:)en;Ii-gllj\lrit?;?wgetlhlztciizfggsgytale iiﬁ:zgii:?g'r% ti?]
dependence df2(t) ont, though a very slow exponentitl . . . X :
dependence is ;uggested in Fig. 5. Despite these samplirt\ c ngght functiorH(S,t) defined in Eq_(l). When the f_'rSt
difficulties, it is evident that the duration of the qESS, on €M Increases, thg second tegaN(t) in Eq. (1) can in-
average, increases with time. This corresponds to a decrea gase as well, while the totél(S,t) remains, on average,

in the extinction rate, consistent with analysis of the fossil ixed. . . . . . )
record[1] 4 The increase in the interaction termté{S,t) is achieved

in several ways. First, the population is spread out onto an
increasing numbeb (t) of different genotypes, as seen in
Fig. 6. Moreover, the evolutionary dynamics tends to pro-
The gradual growth of the duration of the stable qESSduce occupied sites that are interacting with an increased
epochs indicates that the dynamics of the system is able toumber of other occupied sites, i.e., the number of nonzero
produce more stable or better adapted configurations irermsJ(S*,S)n(S) in H(S%t) in Eqg. (1) grows as the sys-
genotype space. It is difficult to test quantitatively the stabil-tem produces configurations that are able to benefit better
ity of the gESS with respect to perturbations. That the popufrom the possible mutual interactions represented by
lation is distributed in an increasingly more efficient mannerJ(S®,S). The distribution of active interaction links is shown
in genotype space can be seen directly from the increase ix an early and a much later time in Fig. 7. We have not been
the total population sizel(t) averaged over an ensemble of able to resolve a shift with time in the distribution of the
different realizations of the stochastic elements of the dywvalues of the active interaction strengu(sa,sb)_
namics. Figure 6 contains the average total population The increase in the diversity and the number of active
(N(t)) together with the ensemble average of the diversitylinks connected to an occupied position can be interpreted as
(D(t)), whereD(t) is defined as the number of different an increase in the complexity of the configurations produced
occupied positions in genotype space at tinte The aver- by the evolutionary dynamics. Selection and adaptation op-
age diversity also increases with time. erate at the level of the entire configuration in genotype
Let us briefly consider how the total population size canspace rather than at the level of individual genotypes. This
increase. We saw in Sec. lll that essentigdly; is narrowly  highlights that the biological concept of fitness makes most
distributed either aboup,;, or, as in the gESS, about the sense when considered asdlective property of an ecology
valuepq-gssin EQ. (4). The increase ilN(t) is therefore not  rather than an observable characteristic of the individual spe-
an effect of a gradual increase m¢. Simulations indeed cies or individual members of a population.

B. Increasing population size, diversity, and complexity
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FIG. 7. The number of occupied positions in genotype spacdime 7. The top graph is a double logarithmic plot pf7) exhibit-
with a given number of active links connected to other occupiedNd & power law behavior in the region of smallvalues. The
position in genotype space. The solid line is after 500 generationd?ottom plot is a linear-log plot of the same data. Here one sees that

the dashed line is recorded after’igenerations. Parameters are  the behavior ob(7) for large values ofr is consistent with a slow
=0.01, £=0.01, andL p = 0.02. exponential decay. Parameters are as for Fig. 7.

C. Record statistics _evolution models studied by_Sibaei al.[27-30 the_ fitness

. i i increases through consecutive records. As mentioned above
. The observation in the precedlng_secuon that the dynamy, the TaNa model the reproductive fitngss; remains, on

ics of the TaNa model leads to an increase in a number ol grage constant. The increase in the average duration of the
measurable quantities, taken together with the '”term'tterﬁHESS(see Fig. 5 suggests that the stability of the configu-
nature of_the dynamics, suggests that the transitions bef[v_veq tions in genotype space gradually increases. To explore
consecutive ESS epochs correspond to record transitiongyis one should study the temporal behavior of the eigen-
One can imagine that some characteristic measures of g, 6 spectrum of the stability matrix of the effective evolu-
collective level of adaptation of the configurations generated,, equations in Eq(3). We expect that the number of un-

in genotype space achieves an ever increasing value as thgpje directions, on average, decreases with time, though for
system L_lndergoes a transition from one qESS to the next. 5 given realization fluctuations probably prevent a strictly
Sibani and co-worker§27-31] have studied record dy- monotonous behavior.

namics and shown that the probability farrecords in a
sequence of independently drawn random numbers is Pois-
son distributed on a logarithmic time scale, or equivalently,
that the logarithm of the ratio of the time between #th The fundamental quantity to describe an ecology is the
and the k—1)th record,r,=In(t/t._1), is exponentially dis- species abundance functidd5]. The species abundance
tributed, P(7>x)=exp(—Ax). Sibani and co-worker§27—  W(p) is the ratioW of species that contains a raioof the
30] have also demonstrated the relevance of record statistiastal population. It is well known that the a general precise
to the dynamics of the Kauffman NK modgl8,19. concept of species is difficult to define, see, e.g., Chap. 15 in
Accordingly, it is interesting to investigate if the time de- Ref. [36] for a list of seven different definitions of species.
pendence of the statistics observed in the TaNa model exhilbWwhen one is dealing with asexual individuals, as we are
its signs of record statistics. To do this, we study the distri-doing here, it is probably best to define species from the
bution of the variabler,=In(t,/t,-,), wheret, denotes the point of view of genomic similarity. Hence, we use the term
time at which thekth transition between consecutive gESS species to denote individual positions in genotype space. Ide-
epochs occurs. We show in Fig. 8 that is exponentially ally, one would perhaps define species as local regions in
distributed for large values and algebraically distributed forgenotype space, unfortunately our present maximal system
small values ofr. size (about 16 individuals andL=20) is too small for such
The exponential tail in Fig. 8 suggests that the transitiora coarse grained definition. Our model remains a qualitative
times in the TaNa model follow record statistics in the regionone. Using this definition of species we plot in Fig. 9 the
of large 7 values, corresponding to the regime of long gESSspecies abundance function for the TaNa model during a
durations. The algebraic form gi(7) for small = values gESS. A large number of positions are occupied by a small
indicates significant correlations for transitions that occurrechumber of individuals; the occupancy of these positions is
in rapid succession. The question is which quantity evolvesever established for extended periods during the qESS. The
according to record dynamics. We have so far not been ablmbust species contain a reasonable number of individuals
to identify a variable of the system, which jumps monoto-and are distributed according to the broad peak. The peak
nously to ever higher values at the transition times. In thecan be fitted by a log-normal curve in a way similar to ob-

V. SPECIES ABUNDANCE FUNCTION
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FIG. 9. The species abundance distribution. The peak in the FIG. 10. The loss of g-ESS occurs for mutation rates above the

distribution is compared with the log-normal forfdashed curve  circles. For comparison, the theoretically predicted error threshold
Parameters are=0.01, u=5x10"°, andLp,,=0.2. ptnﬂ‘ut(c) is shown fora=0.07 (see main text The carrying capac-
ity parameter isu=0.005.

served species abundance functions, see, e.g.[&&df.We ) )
note that comparable species abundance functions are fous@mewhat larger but of the right order of magnitude as the
in the predator-prey model studied by McKane, Alonso, andcorresponding quantity measured during the simulation.
Sole[23].

VIl. PARAMETER DEPENDENCE

VI. THE ERROR THRESHOLD For completeness, we present here the dependence on

At sufficiently large mutation ratgs,,, offsprings are so the parameters and 4 in the weight functiorH defined in
different from their parents that the occupation in genotypeEd- (D). o )
space rapidly moves from one position to the next. When this We show in Figs. 11 and 12 the averaged occupation mea-
happens, it becomes impossible to establish the gESS seensHred as the ratio between the average number of individuals
Fig. 2 and consequently the entire simulation consists of on@nd the average number of occupied positions in genotype
hectic period. The change from the behavior depicted in FigSPace for purely asexual and sexually reproducing popula-
2, where the hectic periods are of much shorter duration thaRons, respectively. As expected, the system is able to support
the ESS, to the behavior where the qESS are absent, occiR$ largest populations in the region of smallparameter
over a very narrow region of,,,; values. Considering first and broad distribution of coupling strength, i.e., small values
large values op,,,; we gradually decreage,,; in the simu-
lations and we identify the threshold valugy, of pmy: at <N>/<D>
which qESS are observed as the error thresh@|dl]. In
Fig. 10 we plot the simulated value pf;, for different values
of the width parametec.

We can estimate thedependence db,;, by the following
argument. From Fig. 4 we know that the distributionpgt;
in the hectic periods is centered abgyf, and in the qESS
is centered aboup,_gssdefined in Eq.(4). Changing the
parameterc will change the width of the distribution of the
Pots Values[see Egs.(1) and (2)]. It will be possible to
establish qESS in between the hectic periodf + o
=py-ess Whereo, is the half width of the peak in the
distribution of p,¢; in the hectic periods. We translate this
argument to the distribution of thid values and obtain the
following estimate forpyy, :

Pih=1-2""M[(1—pyi)e” "+ 1+ pgy 1*. 5

Here we have assumed that the width of the peak in the
distribution ofH values will be given by, =a/c [see Eq. FIG. 11. The ratio between the average size of the population
(D]in which casex is a measure of the standard deviation ofand the average diversity as function of the width parameterd

the factor in Eq.(1) multiplying 1lc. We have usedax  the physical environment parameter The data are for a system
=0.07 to fit the simulation data in Fig. 10. This value is with asexual reproduction withp,,,=0.2.
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quasistable configurations. This mode of operation can be
compared with the intermittent behavior observed in the fos-
sil record and emphasized by Gould and Eldredge as the
term “punctuated equilibrium4]. The TaNa model is al-
ways in a transient where the configurations generated as a
result of adaptation to the coevolutionary selective pressure
gradually produce configurations or ecologies in genotype
space, which collectively exhibit a higher degree of adapta-
tion, in the sense that the average lifetime of these qESS
increases slowly. This behavior compares well with the ob-
servation that the fossil record indicates a decrease in the
extinction ratd 1]. The increase in the lifetime of the qESS is
associated with an increase in the complexséyecies diver-
sity and the number of active interactiomd successive con-
figurations. This gradual time dependence together with the
intermittent nature of the dynamics suggest that some char-
acteristic of the evolving ecosystem might be undergoing
record statistics in the sense of Sibani and co-work2rs-
30]. So far we have unfortunately not been able to identify
. the appropriate effective variable that moves through the
e e Sopaoen Tt but we expect i vaiable (0 b related 0 he ia-
* bility matrix of the effective dynamical equation.
The species abundance distribution generated by the TaNa
odel encourages future studies of larger populations with
longer genome sequences. This will enable a hierarchical
study of the taxonomic organization of the generated ecolo-
gies. Using distance criteria in genotype space one can study
the clustering of individuals into species, of species into gen-
VIII. DISCUSSION AND CONCLUSION era, etc. Future studies will also examine the phylogenetic
gtructures in detail, especially during the radiation of species
encountered in the transition periods between qESS. Using
longer genome sequences and a more smoothly varying
weight function, we expect the TaNa model to be able to

viduals, either as asexual or as sexually reproducing indiiIIuminate the evolutionary competition between sexual and
viduals. All ecological structures in the model arise through . y P
sexual reproductions.

emergence. The model is able to generate many of the ol

of ¢. The sexual reproduction is most sensitive to a decreasr<?1
in the carrying capacityincrease inu) or a decrease in the
width of the range of possiblé(S?,S°) couplings(increase
in c).

The tangled-nature model may be considered as a mat
ematical framework for the study of evolutionary ecology.
The dynamics of the model is defined at the level of indi-
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