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Conditions for Adaptation of an Evolving Population
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We propose a model to study the adaptation of an evolving population to a given environment.
Using the Monte Carlo simulations we find how much the phenotypes of individuals of the population
and those required by the environment may differ for the population to grow. We show that survival
chances are greater if the number of the phenotype’s features is smaller. In the case when a part of
the population may colonize an empty niche, we show that there is a minimum value of the similarity
of the two environments in order that such a colonization may succeed. We also show that the two
populations differentiate with time. [S0031-9007(96)00054-3]

PACS numbers: 87.10.+e , 02.70.Lqg

The similarity, at least at a formal level, between Each individual is characterized by its genome, i.e., a
some evolution processes and statistical physics methodgequence of genes. The respective allele may be either
has led to a growing interest of physicists in biologicaldominant(A) or recessivéa). Here we consider diploidal
problems [1-5]. Some of them have been investigatinggrganisms, hence the genotype of an individual sitting at
the problem of speciation and constructed simple modthe sitei can be written as a sequence of Qta1), 1's
els showing interesting features, such as the condition faida = aA), and 2's(4A):
sp_ecies formation_within simp.atric and geographic speci- G, = {Gl,G2,...,GV}, Ge=0,1,2, (1)
ation. By necessity, all physical models are simple and ) )
deal only with a part of the biological aspects consideredvheren is the size of the genome. o _
to be important. Problems of various types of speciation, We assume that the phenotypeof an individual, i.e.,
e.g., requiring or not geographical barriers and adaptatior2 Set of its features, simply follows from its genotype.
were intensively discussed by biologists in [6—8]. The relation between the two is far from. being simple
to the case of geographic speciation. Again, many esse§ame genotype may manifest itself as different phenotypes
tial features are neglected. We are looking for answers tgnd vice versa. In our simple modael we neglect those
the following two questions: Under what conditions cancOmplications.  We assume that &’ = 1 or 2 then
a population survive in a given environment (more pre-Fi = lor,ie, ifGi" = 0, thenFi" = 0. Hence
cisely, to what kind of an environment a population can F; ={F, F? ... FV}, F* =0,1. (2)
a}dapt)? If the population may also migrate to an(.)ther’.ml_l_et us define the phenotype size as the number of phe-
tially empty, space—what are the necessary similarities

between the two environments, in order that the popularJOtype features/. To pr_odu_ce an offsprmg_tvvo parents
are needed, each contributing one allele, in such a way

tion can develop in both regions? X ; o
The first (one region) problem may correspond to thethat particular features are inherited independently. After

situation when a certain area, previously empty, becom L%%L:]:Iengana(r)gfripnpcgvitgg dpﬁr;ngigée{nén;nr(]jel\\i\l/dll;l)a(‘;la(;ia(‘)r;]
populated by different species. The founders are P P

genetically random population. This also can be regarde ee below).

. : o L The environment is characterized by a certain “ideal
as the first step in the peripatric speciation proposed b g ) o O
Mayr [8]. The second problem may be related to filling ?Shenotype F. The survival probabilityp; for an individ-

. . . ali during the time intervalz, r + Ar) is defined by the
up of an ecological niche by a population adapted to éslimilarity of its phenotype to the ideal orfe

previous environment. Because of the limitations of our v
model (see below), we do not consider full speciation _ a1 a a

7 . . i(t) = N F7(t) AN F, 3
but rather adaptation processes which are the first stage pilt) a; ro) 3)

of speciation processes [8]. We use the Monte Carlq herea denotes the common part of the téits. Hence,

technique. the ideal ;
. . . phenotype may be regarded as corresponding to
The model—The habitat for the investigated popula- o jngividual characterized by, = 1. We also define

tion is, as usual ip the 'Monte Carlo simulatiqns, réPréthe average adaptation of the population at tinte the
sented by a two-dimensionél X L) square lattice with  oviconment as

hard boundary conditions. The population consist3fof M
individuals. No more then one individual may occupy a Alt) = M~} Z pi(t). (4)
lattice site. i=i

0031-900796/76(16)/3025(4)$10.00 © 1996 The American Physical Society 3025



VOLUME 76, NUMBER 16 PHYSICAL REVIEW LETTERS 15 ARIL 1996

A number of important factors, such as selection rules foincreasingVv. For N > 10 we observe a steplike increase
breeding, mutation, genetic drift, Malthusian factor, etc.,in the number of surviving populations, similar to the
have been omitted here in order to keep the number afurves known from phase transitions. Figure 1 illustrates
external parameters minimal. the above observations. Although. increases withv,
Simulation—The simulation algorithm consists of ini- it never attains unity. Let us denote by, the relative
tially putting M individuals on the lattice. The genotypes number of 1's in the pattern necessary for at &8st of
of the individuals are random sequences of 0's, 1's, anthe random populations to survive. As seen in Figng,
2’'s. Then in one time step we choose randomly an ininitially increases withNV quite fast, then asymptotically
dividual i; from Eq. (3) we calculate its survival proba- goes to a value=0.8.
bility. We choose randomly an adjacent site to move an We may also define, in analogy to the general investi-
individual. Only if the site is empty is the move realized, gation of the birth and death processes [9], the probability
and the mating partner is selected randomly from nearestf birth, A, and of deathy, in a unit time:
neighbors. The condition that only the individual which _ .
moved can mate is equivalent in our model to all other plr) =1 = AG@), Ar) = KA@We(1 = <) (6)
acts necessary in life to breed. This activity is required=rom simulations we have found th& = 3.26. The
here only from one partner. The parents produosff-  simulation curves coincide with those following from
springs which are located in random empty places (if theré&qg. (6). They are smooth and symmetric with respect to
are no such places the simulation stops) or in a given way = 0.5. Their shape does not depend on the structure of
on the lattice. The parents then die. the ideal phenotypé'.
The simulations were run for the latticé = 30, We define the similarity of the phenotypes of two
concentration of the foundeks= ML~2 = 0.2, number individualsi and; as

of offspringx = 3. The averaging was over at least 20 N
and in some cases 100 samples. For the considered model sim/(i,j;1) = N~! Z Fi(t) A F{(1). @)
and a given phenotype, we have found that populations a=l1

with ¢ < 0.2 died out rather fast, i.e., after= 500 we  This is analogous to the “spin glass order parameter”
got c = 0. The choice ofx = 2 also led to extinction ¢%# introduced in this context by Derida and Higgs
of the population, while forx = 4 and absence in the [2]. We may use sith to check the changes in the
model of the factor relating death and fertility processesphenotypes of the population. As can be seen in Fig. 3(a)
the population overcrowds = 1) soon. the phenotypes of the population become more and more

It should be noted that in an initial distribution of homogeneous. After sonfex 10* steps, abou$0% of
the phenotypes there will be twice as many 1's as 0’sthe population shows total similaritgim’ = 1).
since the genotypes of the initial population are random. We can repeat the same kind of estimations for the
The initial adaptation of the random population can begenotypes, defining the measure of their likeness analo-
obtained from (4) as gously as in (7). Time development of ginls shown

1 in Fig. 3(b). The behavior is different from that in
A0) = 31+ m), (5) Fig. 3(a)—because of hereditary rules the shape of the
where m € [0, 1] is the relative number of 1's in the genetic similarity distribution does not change signifi-
ideal phenotypeF. A population survived if, after the cantly, although the mean value of Sirnncreases with
simulation timer = 2 X 10* steps, we had > 0. time. This increase is rather fast at the beginning and

Single region—Let us consider a single environmental
system, characterized by its ideal phenotype (pattérn)
with a population initially having random sequences of
genotypes (random population). Simulations lead us to
the following observations.

Because of the way a phenotype is constructed from a
genotype, the chance for a population to survive grows
with the number of 1's in the pattern [see Eq. (5)].

The survival of the random population depends also
on the sizeN of the phenotype. The chance of survival
grows asV decreases.

For a fixed size of the phenotype and a defined pattern,
there is a critical value of the initial adaptation given by 0.00 020 0.40 060 0.0 100
a critical valuem,. of the number of 1's in the pattern. m
Below this value all populations die out, and above it theFIG. 1. The relation betweem, i.e., the relative number of

ratio of surviving populations grows rapidlym., as well  1's in the pattern, and percentage of the surviving populations
as the rate of the surviving populations, increases witHor different sizesv of the phenotype.

% of living populations
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1.0

we simulated two classes—in the first one, two of the
offspring were put in the places of the parents and only
the third one randomly; in the second case all three were
located at random positions. We have found that the

i former way strongly increases the survival chances when
04 — the initial population is put in a cluster.
- Finally, we should mention that even in such a simple
02 — model as ours, the role of the genotype is important. For
= the same initial distribution of phenotypes the population
T T T T of homozygotes grows much faster and, lacking the

i 4 8 12 16 20 malthusian factor, dies out of suffocation.
N Two regions—In order to answer the second question

FIG. 2. The relation betweems, i.e., the relative number of formulated earlier, let us consider two regions charac-
1's in the pattern necessary for at led8t of the populations terized by two ideal phenotypes (patterrs) and Fyj.
to survive, and siz&v of the ideal phenotype. As before, initial random population is located in one of
them, say, the first one. We want to know under what

then an asymptotic one. Even at much later moments tk\(%({)nditiqns this.population can colonize_ the s_econd region.
scatter of genotypes is quite large. These results agre e define, as in (7), the measure of similarity of the phe-
with the observation in biology [10]—identical-looking notypes of the two patterns

individuals can contain different genotypes, since part of
the genetic variety is masked by dominance.

We have found that the adaptation as well as concen-
tration of the surviving population are characterized by a In Fig. 4 we present the change in concentration
fast initial growth and then an asymptotic one. The adapfFig. 4(a)] and adaptation [Fig. 4(b)] of the population
tation is quite high—A(r > 10%) > 0.9. in the second region as a function of time. The curves

Another factor which influences, for a given patternare parametrized by siiy 1l). For example, if F;=
and its size, the survival of a population is the way thel 111111000 and#; = 1111111111, then sinl, 11) =0.7.
offspring are located. Since we consider only the case

0.8 —

0.6 —

Mgg

0.0

N
siml, 1) = N"' > Fg A FY. (8)

a=1
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FIG. 3. The similarity distribution for phenotype (a) and for FIG. 4. The change in the concentration (a) and in the
genotype (b). The earliest is at the bottom, and subsequertdaptation (b) of the population in the second region as a
curves (moving upwards) are at intervalsiof time steps. function of time.

3027



VOLUME 76, NUMBER 16 PHYSICAL REVIEW LETTERS 15 ARIL 1996

It is evident from Fig. 4 that there is a critical value a new, empty niche. We have shown that, within the
sim.(l, 1) = 0.5, below which a population which devel- limits set by our model, a random population must have
oped in | from an initial random one has no chance ofan initial adaptation larger than a certain critical value
populating the second region. This critical value does noin order to grow in a region with an ideal phenotype
depend on the siz& of the phenotype, but it depends on The condition is related to the structure Bf When the
the ratio of the length of the border between the two recondition is met, we expect a very fast colonization of
gions and the size of the first one. With the increase othe region, i.e., an “explosion” of the population, such
this ratio, the critical value slightly decreases. as the ones predicted, due to other reasons, in Bak’s
If sim(l, 1) = sim.(l, 1) we can describe the growth model [3,4]. This adaptation of the average phenotype
of the population in the region Il by the Verhulst-Pearl- in the population to the pattern of the environment is just
Reed equation [11] one of the sides of the natural selection. The population
dc has a better chance of survival if the ideal phenotype is
dar re(l = o), ) small and contains more 1's. Moreover, if the population
wherer is the growth rate.r increases with the increase grows, the adaptation increases asymptotically to a value
of sim(l, I1). The simulation results agree well with those close to 1.
coming from Eq. (9). In the case of two regions we have a process of
In Fig. 5 we show the increase with time of the numberpopulating an ecological niche characterized by a pattern
of offspring born in region Il depending on the origin different from that of the main (first) region. We have
of their parents. Clearly the natives form the bulk offound that there exists a certain minimum similarity
the population. The fast initial growth and subsequenbetween patterns in both regions in order that a population
stabilization follows from Eq. (6), i.eA — 0 for c — 1. which adapted to the first one can successfully colonize
The role of immigrants in colonization of region Il is the second one. With increasing time, the two populations
marginal. The influence of the population in 1l on the will have different phenotypes, although never totally
population in I is negligible also. different. Since we did not introduce any rules for mating,
We have also investigated the time evolution of theboth populations can still interbreed, and we do not define
similarity of individuals belonging to different regions. @ new species in the second region. Instead, we have
It turns out that the phenotypes in the two regionsfound under what conditions a part of the population can
become more and more different. Each one is adaptingnigrate and populate a different habitat.
to its pattern. We have hence a differentiation of the We are grateful to A. Ogorzatek and R. Galar for
initial population. However, since the patterns have tohelpful discussions.
be similar, the populations are never totally different; i.e.,
their similarity never goes to zero.
In conclusion, we have presented a simple model
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