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[ IASA STUDIES IN ADAPTIVE DYNAMICS No. 12

The Adaptive Dynamics Network at
IIASA fosters the development of
new mathematical and conceptual tech-
niques for understanding the evolution
of complex adaptive systems.
Focusing on these long-term im-
plications of adaptive processes in
systems of limited growth, the Adap-
tive Dynamics Network brings together
scientists and institutions from around
the world with IIASA acting as the
central node.

Scientific progress within the network
is reported in the IIASA Studies in
Adaptive Dynamics series.

THE ADAPTIVE DYNAMICS NETWORK

The pivotal role of evolutionary theory in life sciences derives from its capability

to provide causal explanations for phenomena that are highly improbable in the
physicochemical sense. Yet, until recently, many facts in biology could not be
accounted for in the light of evolution. Just as physicists for a long time ignored
the presence of chaos, these phenomena were basically not perceived by biologists.

Two examples illustrate this assertion. Although Darwin’s publication of “The Ori-
gin of Species” sparked off the whole evolutionary revolution, oddly enough, the
population genetic framework underlying the modern synthesis holds no clues to spe-
ciation events. A second illustration is the more recently appreciated issue of jump
increases in biological complexity that result from the aggregation of individuals into
mutualistic wholes.

These and many more problems possess a common source: the interactions of
individuals are bound to change the environments these individuals live in. By closing
the feedback loop in the evolutionary explanation, a new mathematical theory of the
evolution of complex adaptive systems arises. It is this general theoretical option
that lies at the core of the emerging field of adaptive dynamics. In consequence a
major promise of adaptive dynamics studies is to elucidate the long-term effects of the
interactions between ecological and evolutionary processes.

A commitment to interfacing the theory with empirical applications is necessary
both for validation and for management problems. For example, empirical evidence
indicates that to control pests and diseases or to achieve sustainable harvesting of
renewable resources evolutionary deliberation is already crucial on the time scale of
two decades.

The Adaptive Dynamics Network has as its primary objective the development of
mathematical tools for the analysis of adaptive systems inside and outside the biological
realm.
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Summary

We present a general framework for modeling adaptive trait dynamics in which we integrate various concepts and
techniques from modern ESS-theory. The concept of evolutionarily singular strategies is introduced as a generalization
of the ESS-concept. We give a full classification of the singular strategies in terms of ESS-stability, convergence
stability, the ability of the singular strategy to invade ofngpulations if initially rare itself, and the possibility of
protected dimorphisms occurring within the singular strategy's neighdmhr®f particular interest is a type afgilar

strategy that is an evolutionary attractor from a large distance, but once in its neighborhood a population becomes
dimorphic and undergoes disruptive selection leading to evolutionary branching. Modeling the adaptive growth and
branching of the evolutionary tree thus can be considered as a major application of the framework. A haploid version of
Levene's ‘soft selection’ model is developed as a specific example in order to demonstrate evolutionary dynamics and
branching in monomorphic and polymorphic populations.

Keywords adaptive dynamics; evolutionarily singular strategy; evolutionary branching; evolutionary modeling.

Introduction

The evolutionarily stable strategy (or ESS; Maynard Smith and Price, 1973), effectively defined as
an evolutionary trap, has become the main tool for predicting the outcomes of long term phenotypic
evolution when fitness depends on the frequencies of the various phenotypes present in a
population. A major advantage of the ESS is that it can be resolved from phenotypic considerations
alone without having to account explicitly for the (often unknown) underlying genetic detail.
Moreover, by circumventing the intricacies of diploid Mendelian inheritance, more complex
ecological interactions and adaptations can be explored than is usually possible with a fully genetic
approach. In those cases where a comparison with more complete approaches is possible, ESS-
theory has been shown to be largely compatible with both quantitative genetics (Charlesworth,
1990; Taper and Case, 1992; Abraghsl, 1993a) and population genetics (Eshel and Feldman,
1982, 1984; Eshel, 1991, 1996; Hammerstein and Selten, 1993; Hammerstein, 1996; Matessi and
Di Pasquale, 1996; Weissing, 1996).

Notwithstanding its strength and elegance, the ESS has a serious drawback: It always still
remains to be seen whether during the course of evolution the ESS will actually become established
at all. It now has been generally acknowledged that ESS-stability (which renders a population



immune against invasion by any new mutant) and convergence stability (which ensures the gradual
approach through a series of small evolutionary steps) are two totally independent stability concepts
that can occur in any combination (Eshel and Motro, 1981; Eshel, 1983; Taylor, 1989; Christiansen,
1991; Abramset al, 1993b). A phenotype that is convergence stable is an evolutionary attractor in

the sense that a population that starts off with a different phenotype can always be invaded by
phenotypes nearer by. If a phenotype is not convergence stable, then any such initial perturbation
tends to increase. The significance of the ESS as a long term evolutionary predictor thus depends on
whether or not is also convergence stable.

In this paper we integrate various concepts and techniques from modern ESS-theory into a
single mathematical framework for modeling the dynamics of long-term phenotypic evolution. We
introduce the concept of ‘evolutionarily singular strategy’ as a generalization of the ESS-concept.
Our main result is a classification of the singular strategies in terms of ESS-stability, convergence
stability, the ability of the singular strategy to invade other populations if initially rare itself, and the
possibility of protected dimorphisms occurring within the singular strategy's neighborhood. These
four properties are to a large extend independent of one another and can occur in many
combinations. Each combination represents a qualitatively different evolutionary scenario. A type
of singular strategy that stands out in particular is convergence stable but lacks ESS-stability. We
show that from larger distances it acts as an evolutionary attractor, but once nearby the population
undergoes disruptive selection and splits up into two subsequently phenotypically diverging
subpopulations. We therefore consider modeling the adaptive growth and branching of the
evolutionary tree as a major application of the classification.

We first develop the framework for monomorphic resident populations, and generalize
some of our results to polymorphic populations later. We formulate a haploid version of Levene's
(1953) ‘soft selection’ model as a specific example to demonstrate evolutionary branching in both
monomorphic and polymorphic populations. A more formal approach of the framework including
generalizations for multi-dimensional (that is, vector-valued) strategies was presented bydlletz
(1996).

The framework
Assumptions

We assume that individuals reproduce asexually, and that the offspring are phenotypically identical
to the parent. Phenotypes are denoted by their strategy, which can vary continuously. We consider
one-dimensional (that is, scalar-valued) strategies only.

The strategies in a given resident population can be considered as a set of model parameters
that implicitly specify a unique attractor for the resident population dynamics. Mutations occur
sufficiently infrequently so that the population has reached its attractor before a new mutant comes
along. On the longer time-scale of mutations, therefore, a population can be represented by merely
listing all strategies that are present.

A polymorphic resident population is assumed to be always a protected polymorphism in
the sense that each strategy present is protected against extinction by a positive growth rate when
rare, at least untill the next mutant comes along. Consequently, what strategies remain once the



population has settled down again in a new demographic attractor after the successful invasion of a
new mutant, can be described purely in terms of the growth rates of each strategy if rare.

Finally, we assume that phenotypic mutations are small but random. We explicitly do not
assume infinitesimally small evolutionary changes giving rise to a continuous adaptive dynamic,
because that would rule out a number of our results (see Discussion). Evolution thus proceeds by
small but discrete steps.

Monomorphic populations

Fitness is the long-term exponential growth rate of a phenotype in a given environmerdt(®dletz

1992). The environment contains abiotic as well as biotic factors, including the number and
frequencies of the various phenotypes themselves. Once a population has reached its demographic
attractor there are no long-lasting trends towards population decline or growth. The fithess of all
phenotypes present, therefore, has become zerg, dehote the environment in a population of a

single phenotype with strategy and letr(x,E) denote the population's long-term exponential
growth rate. At the demographic attractor we thus have

r(x,E,)=0. 1)

Next, consider a new mutant with stratgggmerging in a population of residents with strategy
As long as the mutant is still rare, its effect on the environrgerts set by the residents is
negligible. The fithess(y), of the mutant is therefore equal to

s,(Y) =1y, E). 2)

What s(y) exactly looks like depends on the particular biological problem at hand. A specific
example is given in a later section. We here merely assuns(yh& a known function ak andy,
and develop a theory of adaptive dynamics in terms of properis€g)ainly.

If s(y) > 0 the mutant can spread (but will not necessarily always do so as a result of
random extinction due to the small initial size of the mutant populatiosly)lk 0 it will die out.
If s(y) > 0 ands(x) < O, then the mutant can spread but the resident cannot recover when rare itself.
A protected dimorphism of andy is therefore not possible, and eventually the mutant will replace
the resident and take over the whole population. If mutations are small, soath@dy are very
similar to one another, we have as a linear approximation of the mutant's fitness

s((V=s(3+ I3 y X 3)
whereD(X) is the local fithess gradient defined as

[Ds, (y) O

D(x) = EJT%:X- (4)



Since by definitions(x) = r(x,E) = 0 for allx (see Equations 1 and 2), the signDgk)
determines what mutants can invadéd k) > 0, only mutants witly > x can invade and take over
the population, whereas[if(x) < 0, then this is only possible for mutants withx. The population
thus evolves in the direction of the local fithess gradient until it reaches the neighborhood of a
strategy for whiclD(X) is zero. A strategy for which the local fithess gradient is zero we call an
‘evolutionarily singular strategy’. Near a singular strategy there is no longer directional selection,
and it may happen that batify) > 0 ands(x) > 0. In this case neither strategy can eliminate the
other, and the population necessarily becomes dimorphic.

The evolution of a monomorphic population can be analyzed graphically by means of a
‘pairwise invasibility plot’, that is, a graph of the signsg§) as a function ok andy (Figure 1; for
other examples of pairwise invasibility plots, see Van Tienderen and De Jong, 198&t ldletz
1992; Kisdi and Meszéna, 1993, 1995). To see what mutants can spread in a given resident
population we look along a vertical line through a point onxth&is representing the resident's
strategy. The parts of this line inside a region marked '+' correspond to strategiey-arishier
which s(y) > 0, and hence denote potentially invading mutants. The parts of the line inside a region
marked '-' correspond to mutants for whgfy) < 0, and which therefore cannot invade. On the
principal diagonas(y) is by definition zero (cf. Equations 1 and 2). The intersection of the diagonal
with an other line on whicls(y) is zero corresponds to an evolutionarily singular strategy. If
mutations are small we need to consider only strategies within a narrow band along the diagonal. A
'+' just above and a '-' just below the diagonal indicates a positive fithess gradient, whereas a '-'
above and a '+' below indicates a negative fitness gradient.

Close to a singular strategy there are only eight possible generic local configurations of the
pairwise invasibility plot that can be algebraically characterized in terms of the second-order
derivatives ofs(y) evaluated at the singular strategy (Figure 2). Each configuration represents a
different evolutionary scenario that can be interpreted in terms of ESS-stability, convergence
stability, the ability of the singular strategy to invade other populations if initially rare itself, and the
possibility of protected dimorphisms occurring within the singular strategy's neighborhood. We first
consider each of these four properties of the singular strategy separately before we investigate their
possible combinations and the corresponding evolutionary scenarios.

Properties of the singular strategy

A singular strategy* is (locally) ESS-stable (Maynard Smith, 1982) if no nearby mutant can
invade, in other words, #.(y) < 0 for ally # x* in a neighborhood af*. In the pairwise invasibility
plot the vertical line througk* lies completely inside a region marked - (Figure 2c-f). Since along
this vertical lines(y) as a function oy has a maximum foy = x*, it follows that at the singular
strategy

dzj;z(y) <0. 5)

A singular strategy that is ESS-stable is an evolutionary trap in the sense that once it has become
established in a population, no further evolutionary change is possible by small mutations.



A singular strategy is (locally) convergence stable (Christiansen, 1991) if a population of a
nearby phenotype can be invaded by mutants that are even clgisahéa is, if s(y) > 0 forx <y
< x* andx* <y <x. In the pairwise invasibility plot there is a '+' above the diagonal on the left of
x*, and below the diagonal on the rightéf(Figure 2b-e). In other words, the local fitness gradient
points towards the singular strategy. Sincg*dhe sign of the local fithess gradient changes from
positive to negative)(x) is a (locally) decreasing function xfand hence at the singular strategy
we have

dD(x) _ 9°s.(y) +025x(y) 3
dx — oxay 2%y

0 (6)

(Eshel, 1983). Notice that as on the diagonal of the pairwise invasibilitg(yots always zero,
also the second-order directional derivativesf) under a slope of plus 25nust also be zero on
the diagonal, that is,

’s (Y, ,9's.(Y) , 9*s,(Y) _
Py xy

0. (7)

If we use this to eliminate the cross-derivative in Equation (6), we get

2%s,(y) S d%s,(y)
@(2 dyZ

(8)

(Figure 2b-e). For a monomorphic population a singular strategy that is convergence stable is an
evolutionary attractor. A singular strategy that is not convergence stable is an evolutionary repeller
from which an initially monomorphic population evolves away.

A singular strategy can spread in populations of a slightly different phenotype when initially
rare itself ifs(x*) > 0 for all x # x* in a neighborhood ok*. In the pairwise invasibility plot the
horizontal line throughk* on they-axis lies entirely inside a region marked '+' (Figure 2a-d). Since
along this horizontal ling(y) as a function ok has a minimum fok = x*, it follows that at the
singular strategy

9%s, ()
dXZ

>0. ©)]

Two strategiex andy can mutually invade, and hence give rise to a dimorphic population,
if both s(y) > 0 ands(x) > 0. The set of all pairs of mutually invasible strategies near a singular
strategy is given by the overlapping parts of the '+' regions in the pairwise invasibility plot and its
mirror image taken along the main diagonal (Figure 3). This set is hon-empty if, and only if the
secondary diagonal lies inside a '+' region (Figure 2a-c,h). Since along the secondary sifggonal



has a local minimum fax =y = x*, the second-order directional derivativesgf) at the singular
strategy under a slope of minus’4bust be positive, that is,

2 2 2
0°s,(Y) _,9°8:(y ,9°s(¥ _ 4

10
ox? oxoy oy® (10)
If we use Equation (7) to eliminate the cross-derivative, we find
9’s,(y) _ _9°s,(y)
>— > (11)

% dy

(Figure 2a-c,h). With small evolutionary steps an initially monomorphic population can become
dimorphic only within the vicinity of a singular strategy that satisfies the above condition.

The four properties of the singular strategy and their algebraic relationship are summarized
in Table 1. Although not fully independent of one another, the four properties can be combined in
various ways, Yyielding the eight basic configurations presented in Figure 2. (Complete
independence would give sixteen different combinations). For example, a singular strategy can be
ESS-stable but not convergence stable (Figure 2f), or convergence stable but not ESS-stable (Figure
2b; for examples, see, e.g., Eshel and Motro, 1981; Eshel, 1983; Christiansen, 1991; Brown and
Pavlovic, 1992; Abramst al, 1993b; Kisdi and Meszéna, 1993, 1995; Mesazdra, 1996). A
singular strategy that is both an ESS and convergence stable (Figure 2c-e) is called a ‘continuously
stable strategy’ or CSS (Eshel and Motro, 1981; Eshel, 1983). A continuously stable strategy may
still be incapable of invading other populations if initially rare itself (Figure 2e), in which case it
can be approached only monotonically (that is, either from the left or from the right) by an infinite
series of ever decreasing evolutionary steps (Kisdi and Meszéna, 1993, 1995). If mutual invasibility
is possible near a singular strategy that lacks convergence stability, the population may evolve away
before it has a chance of becoming dimorphic (Figure 2a,h). However, if the singular strategy is
convergence stable, then an initially monomorphic population inevitably sooner or later becomes
dimorphic (Figure 2b,c). As till now we assumed monomorphic resident populations, the
occurrence of mutual invasibility giving rise to protected dimorphisms poses a potential problem
that is dealt with below.

Dimorphisms near a singular strategy and evolutionary branching

The evolutionary significance of mutual invasibility near a convergence stable singular strategy
depends on whether or not it is also ESS-stablg® i convergence stable and an ESS, then
mutually invasible strategies are necessarily on opposite sideés(bigure 2c). A mutant with
strategyy can invade a resident population with strategiesdx, (with x; <xy) if, and only ifx; <

y <X (see Appendix A). The reason for this can be seen intuitively as follows. In a monomorphic
resident population at the ESS no mutant can invade. The mutant's §it(y@sas a function of the
mutant's strategy, has a maximum at=x* where it is zero, but elsewhere the fitness is negative
(Figure 4a). The case of a dimorphic resident population with strate@adx, close tax* can be



considered as a small perturbation of this situation. As the mutant's fitness is gerof@andy =

X2, the maximum of the mutant's fithess now lies betweamdx, where it is positive (Figure 4b).
Mutants in between the two resident types, therefore, can invade, whereas mutants outside cannot.
A mutant that is sufficiently close to the ESS replaces both residents, and renders the population
monomorphic again. Otherwise only the type that is on the same sideasfthe mutant, but

further away, is ousted, and the population remains dimorphic (Figure 4c). In the long run,
however, any dimorphism eventually disappears as the population gradually evolves towards the
ESS through a series of monomorphic and (converging) dimorphic population states.

If X* is convergence stable but not an ESS (Figure 2b), then a mutant can invade if, and only
if y<x orx <y (see Appendix A). To see this intuitively, notice that in a monomorphic resident
population at a singular strategy that is not ESS all nearby mutants can invade (Figure 2b), and
hence have a positive fitness (Figure 4d). A slight perturbation leads to the case of a dimorphic
resident population with strategigsandx, close tox* (Figure 4e). Only mutants outside the two
resident types have a positive fithess and can invade, whereas mutants in between cannot. After
invasion it is always the strategy in the middle that is ousted (Figure 4f). With each successive
invasion, therefore, the two remaining strategies become more and more distinct. On the long run
the population effectively splits up into two diverging sub-populations. This process of phenotypic
divergence in an initially monomorphic population we call ‘evolutionary branching’. The
corresponding singular strategy we will refer to as ‘evolutionary branching point’. An example
ofevolutionary branching is given in a later section (for other examples of branching, sest Metz
al., 1992, 1996; Meszére al, 1997).

We thus conclude that, irrespective of whether or not mutual invasibility near a singular
strategy is possible, singular strategies that are convergence stable as well as ESS-stable (that is, the
continuously stable strategies sensu Eshel and Motro, 1981; Eshel, 1983) give rise to stabilizing
selection in both monomorphic and nearby dimorphic populations. These singular strategies
therefore represent the final, monomorphic outcomes of an evolutionary process. In contrast,
singular strategies that are convergence stable but not ESS-stable (that is, the branching points) are
attractors for monomorphic populations but repellers for nearby dimorphic populations. Once an
initially monomorphic population has come sufficiently close to the singular strategy it will become
dimorphic and subsequently undergo disruptive selection, leading to two phenotypically distinct
and diverging subpopulations.

Polymorphic populations

After branching the two resident strategies soon grow too far apart for the local approximation of
the mutant's fitness in a dimorphic resident population near the branching point as used above to be
valid anymore. To see how evolution proceeds after branching, we generalize the formalism to
populations with an arbitrary number of different phenotypesELet, denote the environment in

a population with strategies,.. X, at its demographic attractor, andiét,E ,») denote the long-

term growth rate of thg-phenotype. Since the long-term exponential growth rate of each resident
type is zeroEq,.,» must satisfy

r(x, E, »)=0 (12)

Xy



for alli (cf. Equation 1). In general this is possible only if the environment can be represented by a
vector of at least n independent components. For example, this is the case if individuals affect one
another through the availability of n different kinds of resources, the abundance of which in turn
depends on the frequencies of the various types of individuals present. The dimensionality of the
environment thus sets a theoretical upper limit to the number of phenotypes that could possibly
coexist on the same trophic level (MacArthur and Levins, 1964; Tilman, 1982). The actual number
of coexisting types, however, may at any time be smallernFoR the set of possible protected
dimorphisms is given by the overlapping '+' regions of the pairwise invasibility plot and its mirror
image taken along the principal diagonal (cf. Figure 3).

The growth rate of an initially rare mutant with stratggyn a resident population with
strategiesq,.. X, at its demographic attractor is equal to

Sex(M=1YE ) (13)

(cf. Equation 2). With small mutations the direction of evolution inxtts¢rategy is indicated by
the sign of the local fithess gradient

O
0 (... )= s 14)
0 % 0O,

(cf. Equation 4). Combinations of strategies for wHix{x,,.. x,) is zero lie on a-1 dimensional
manifold that we shall refer to as tkasocline. Forn = 2, thex;- andxe-isoclines are lines that
divide the set of protected dimorphisms into a number of separate regions with different
coevolutionary directions (Figs 6a and 7a). Onxeocline there is no longer directional selection
in thex-strategy. If then-1 other strategies were fixed and did not evolve, then each point xn the
isocline would correspond to a singular strategy in an environment set by the other strategies.
However, then-1 other strategies are not fixed and continue to evolve (and possibly move the
population away from thg-isocline again) unless the local fithess gradient is zero for all strategies
at the same time, that is, at the point of intersection of all isoclines. We call a polymorphism
consisting of the strategies*,...x.* such thatD(x:*,..,x*) is zero for all resident strategies
simultaneously, an ‘evolutionarily singular coalition’.

The individual strategies of a singular coalition can each be classified in a similar way as
singular strategies. A singular coalition is evolutionarily stable so that no new mutants can invade
the population if, and only if all its constituent strategies are ESS, that is, if

[H? O
ﬂisxl""x“ (9 O <0 (15)
g 0)/2 g y=x*

X; =% * [j



for alli (cf. Equation 5; Brown and Vincent, 1987, 1992; Vincent and Brown, 1989; Brown and
Pavlovic, 1992). Generalization of convergence stability is less straightforward and depends on the
relative size and frequency of mutations in the various resident strategies. It is neither sufficient nor
necessary that the condition for convergence stability in a monomorphic population (Equation 8)
applies to each individual strategy of the singular coalition separately (Matessi and Di Pasquale,
1996). However, unambiguous examples of convergence stability=d2 have been recognized
(Motro, 1994; Matessi and Di Pasquale, 1996; also, see example in the next section).

Mutual invasibility of a mutant and its resident progenitor is possible near a singular
coalition if, and only if

[B? O [H° O
LSRR € S G 5)
g o B v=x* g5 9% 8 y=x*
X =% *Uj X =% *Uj

(cf. Equation 11). Mutual invasibility has no long-term consequences if the strategy is at the same
time evolutionarily stable, that is, if it also satisfies Equation (15). A singular coalition that is both
ESS and convergence stable represents a final, polymorphic outcome of the evolutionary process. A
singular coalition that is convergence stable but for which at least one strategy lacks ESS stability
and allows for mutual invasibility nearby (that is, for which Equation 16 is satisfied while Equation

15 is not) will lead to further branching of the evolutionary tree (see Appendix A).

A Specific Example

We here develop a haploid version of Levene's (1953) ‘soft selection’ model with continuous
strategies as a specific example to demonstrate evolutionary dynamics and branching in
monomorphic and polymorphic populations. Consider a resident population with strateges

of an organism with discrete, non-overlapping generations in a spatially heterogeneous environment
consisting ofm different patches. Each patch can support only a limited number of established
individuals denoted b¥j,..K. respectively. The total number of established individuals with
strategyx (i=1,..n) summed over all patches is denotedNayWe assume that all patches are
occupied to maximum capacity, so that the total population size in each generation is always
constant, that is,

imzi&. (17)

During dispersal, the offspring are distributed randomly into the different patches such that the

number of juveniles with a given strategy landing in a given patch is proportional to the frequency

of that particular strategy among the dispersing offspring. Assuming that all established individuals

have the same fecundity irrespective of their strategy or patch, the number of juveniles with strategy
x landing in a given patch is thus proportionaNto



Within a patch, juveniles first undergo a period of frequency-independent selection
followed by a period of non-selective ‘contest’ competition during which the available living-space
is allocated at random among the survivors. Wth) denoting the pre-competitive survival
probability for an individual with strategyin thej™ patch, the fraction of the available space in the
j"™ patch allocated to individuals with strategis

f,-(x,-)Ni/i LOON, 1)

For the total number of established individuals with strakemythe next generation summed over
all patches we consequently have

m|:| n D
=2 BTN hzlf,-(as)NH- (19)

=1

At equilibriumN’ =N for alli. In order for the population to maintainstrategies at equilibrium,
the number of patches must be greater than or equal to the number of coexisting strategies, that is,
m = n. Whenever an equilibrium with strategies is possible, it is unique and stable (Gliddon and
Strobeck, 1975; Strobeck, 1979).

Consider an initially rare mutant with strategyn a resident population with strategies
X1,.-%. The resident population at its equilibrium determines the level of competition in the various

patches as experienced by the mutant. The resident equilibrium densities, denﬁtpd. mn,

depend on the resident strategies. As long as the mutant is rare, the environment as set by the
residents remains unaffected by the mutant's presence itself. For the number of iKutaints,
successive years we thus have as first-order approximation

Niw = 3 [ 5N, /zf(xh)NB (20)
£
(cf. Equation 19). The mutant's exponential growth rate consequently is

Nrfnut —
s, (Y= IoggN—m (y)/ S 058 (21)

mut
Below we confine ourselves to the case of three patches, each with the same carrying

capacity, that isK; = K, = Ks. Moreover, we assume that the pre-competitive survival probabilities
in the different patches are bell-shaped functions of strategy, that is,

10



f (x)—aexpEL (X'“J)zé 22)

each with the same heigfat)(and width @), but with different though evenly spaced optima=
—d, 2 = 0, andus = +d for some fixed valud representing patch difference.

In Appendix B, we show that with above assumptions there is a unique evolutionarily
singular strategy* = 0 that is convergence stable, that can invade other populations, and in the
neighborhood of which there are always pairs of strategies that can mutually invade. If the patches
are sufficiently similar to one another, that isditr < 1.22, then the singular strategy is also
evolutionarily stable (Figure 5a). The long term evolutionary outcome then consists of a single
generalists strategy that, although optimally adapted to the middle patch, also exploits the other two
patches. If the patches are further apeft & 1.22), however, then the singular strategy is a
branching point (Figure 5b). After having reached the singular strategy, the population now
undergoes evolutionary branching during which the generalist gives way to a dimorphic coalition of
more specialized strategies (Figure 6b).

Figure 6a gives the set of potential protected dimorphismd/dor 1.5, and was obtained
by taking the overlapping parts of the '+' regions of the pairwise invasibility plot in Figure 5b and its
mirror image along the main diagonal (cf. Figure 3). The resulting set is necessarily symmetric in
the main diagonal. The isoclines, given by

D, (%, )= P8 =g (23)
0 % 0.

fori =1, 2 (cf. Equation 14), were computed numerically using Equation (21), and divide the set of
potential dimorphisms into eight regions (four symmetrically on each side of the diagonal). Within
each region the set of permissible directions of evolutionary change, that is, the ‘invasion cone’
(Matessi and Di Pasquale 1996), follows from the local fithess gradients (Equation 14 with
Equation 21) and is indicated by arrows (Figure 6a). The intersection of the isoclines corresponds to
an evolutionarily singular coalition. The invasion cones determine whether or not the singular
coalition is convergence stable. The mutant's fithness as a function of its own strategy has a local
maximum on the-isocline (thick lines in Figure 6a) if

0 <o (24)

(cf. Equation 15), and a local minimum (thin lines in Figure 6a) if the inverse inequality is true. A
singular coalition is evolutionarily stable only if at the point of intersection both isoclines
correspond to fithess maxima, that is, if both isoclines are thick. If the patches are not too far apart
(1.22 <d/o < 2.10), then there is a unique singular coalition that is both convergence stable and
ESS-stable (Figure 6a). Therefore, after branching=ai, the population evolves towards a stable
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dimorphism in which the middle patch is exploited by both strategies, while the remaining two
patches are both monopolized by only one strategy each (Figure 6b).

If the difference between the patches is largéo & 2.10), then the isoclines intersect at
three points corresponding to three different evolutionarily singular coalition (Figure 7a). On
inspection of the invasion cones it can be seen that two of these are convergence stable, separated
by a convergence unstable singular coalition. To which of the two convergence stable coalitions the
population will actually evolve is a matter of chance. Neither coalition is evolutionarily stable (one
of the intersecting isoclines is always a thin line), so that once the population has come sufficiently
nearby it will undergo further branching. Both convergence stable dimorphic coalitions consist of a
specialist adapted to either the first or third patch, and a relative generalist exploiting the two
remaining patches. It is always this generalist that undergoes further branching, giving way to more
specialized strategies. Independent of the dimorphic coalition to which of the population will
evolve first, the population eventually ends up as a stable trimorphism with each strategy adapted to
its own specific patch (Fig 7b,c).

The dynamics of evolution as predicted by the model is confirmed by numerical simulations
(Figure 6b and 7b,c). In these simulations we use Equation (19) to calculate the number of
individuals with different strategies in successive generations. Starting with a monomorphic
population, new types are generated with a low probability per generation by small but random
mutations from strategies already present. The new mutants are added to the population with a low
initial frequency. By iteration of Equation (19) some mutants will increase in number, whereas
others remain rare or gradually vanish. When the frequency of a given strategy drops below a
certain pre-set threshold, the strategy is considered to have gone extinct and is removed from the
population. Details of the simulation (like the precise mutation rate, mutation radius, inoculation
and extinction thresholds) do not qualitatively affect the outcome of the simulations.

Figure 8 shows how the number, the stability properties, and the positions of the singular
strategy and the singular coalitions change due to changes in patch difference. The monomorphic
singularity does not change its position, but it loses ESS-stability and becomes a branching point
when db becomes larger than 1.22 (Figure 8a). The dimorphic singularity first appears when the
monomorphic singularity becomes a branching point (Figure 8b). As patch difference increases, the
strategies of the dimorphic coalition grow also further apart. At =/2.10 the dimorphic
singularity undergoes a ‘pitchfork’ bifurcation yielding three dimorphic singularities, two of which
are convergence stable but not ESS-stable (pairs of strategies numbered 1 and 3 in Figure 8b)
separated by a convergence unstable dimorphic singularity (pair numbered 2). The trimorphic
singular coalition already emergesdar = 1.93, that is, before the dimorphisms has lost its ESS-
stability. Although ESS-stable, the trimorphism remains unreachable for an initially monomorphic
or dimorphic population until the dimorphic coalition loses ESS-stabilitycatd.10 (Figure 8c).

As patch difference decreases, the frequency of the middle strategy of the trimorphism becomes
zero when d# approaches 1.93. At the same time the other two strategies of the trimorphism
converge to the dimorphic coalition (Figure 8c). As patch difference increases, the strategies of the
trimorphism converge to the within-patch optimal strategieg, andys.

Meszéneet al. (1997) demonstrated evolutionary branching in monomorphic populations in
a similar model with two patches and limited migration between the patches (for recent related
models, see, e.g., Brown and Pavlovic, 1992; Brown, 1996).
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Discussion

Starting from four basic assumptions, we model evolution as a sequence of monomorphic or
polymorphic population states, where each time the transition from one state to the next occurs
when an advantageous mutant comes around and spreads. The evolutionarily singular strategies
play a key-role in the evolutionary dynamics of an initially monomorphic population. Among the
eight possible different types of singular strategies (Figure 2) we can distinguish three main groups:
Singular strategies that lack convergence stability and therefore act as evolutionary repellers (Figure
2a,f-h). Singular strategies that are both evolutionarily and convergence stable (that is, the
‘continuously stable strategies’ sensu Eshel and Motro, 1981; Eshel, 1983; Figure 2c-e), and hence
represent final outcomes of an evolutionary process. And finally, the singular strategy that is
convergence stable but not ESS, that is, the evolutionary branching point (Figure 2b). This latter
type stands out in particular, because from a large distance it acts as an evolutionary attractor, but
once nearby, the population undergoes disruptive selection leading to evolutionary branching. With
small evolutionary steps, an initially monomorphic population can become distinctively dimorphic
only if it passes first through the neighborhood of a singular strategy of this type. The branching
point, therefore, plays a central role in the adaptive growth and branching of the evolutionary tree.
Disruptive selection at singular strategies that are convergence stable but not evolutionarily stable
has also been indicated in specific models by Christiansen and Loeschcke (1980), Brown and
Pavlovic (1992), Metet al.(1992) and Abramet al. (1993b).

The generalization of the singular strategy for polymorphic populations is the evolutionarily
singular coalition. Each individual strategy of a singular coalition can be classified in the same way
as a monomorphic singular strategy. A singular coalition each strategy of which is an ESS given the
other strategies represents a final evolutionary stop for a polymorphic population. Evolution
towards a singular coalition consisting of one or more branching points will lead to further
branching of the evolutionary tree. Depending on the number of branching points contained in the
singular coalition one or more new branches may develop (nearly) simultaneously (for an example
of simultaneous branching in a dimorphic population, see letett, 1996). Like in the case of
monomorphic populations, with small mutations a polymorphic population can reach a higher level
of (protected) polymorphism only if it first passes through the neighborhood of a singular coalition
with at least one branching point. Extinction of branches may occur when a population evolves
towards the boundary of the set of possible protected polymorphisms, in which case the population
falls back again to a lower level of polymorphism (see, e.g., Eet, 1996). In polymorphic
populations evolutionary cycles are also possible (Maebwal, 1992; Dieckmanret al, 1995;

Abrams and Matsuda, 1996).

The predictions from our framework are confirmed by numerical simulations (see the
example in the previous section; for other examples, see éfletiz 1992, 1996; Meszéret al,

1997). Notwithstanding our basic assumptions, in the simulations new mutants often come along
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before the population has reached its demographic attractor and before disadvantageous mutants
have disappeared. The simulations, therefore, show that relaxation of the assumption that the
resident population has reached its demographic attractor before a new mutant comes along, and
that a polymorphic population is always a protected polymorphism, does not qualitatively affect the
results. In the simulations the predictions also prove to be fairly robust with respect to larger
mutations as well. Below we consider the significance of some of the other assumptions of the
framework.

The present modeling is confined to one-dimensional strategies only (or to one-dimensional
parametrizations of multi-dimensional strategies). Extension of the framework to multiple traits
under simultaneous selection is not straightforward. In particular the meaning of convergence
stability becomes ambiguous and more complex (but see Motro, 1994; Matessi and Di Pasquale,
1996). Some generalizations to multiple traits have been discussed bgtMe$t£1996). For a
specific example of multiple traits in a population genetics context see Christiansen and Loeschcke
(1987).

In this article we assume that for each possible coalition of strategies there is a unique
demographic attractor that determines the long-term exponential growth rate of an emerging mutant
strategy (Equations 2 and 13). The demographic attractor may be either a fixed point, a limit cycle
or an ergodic stochastic attractor (but see Rendl, 1994; Ferriere and Gatto, 1995 for
complications in the case of chaotic attractors). If there were more than one attractor, then the
resident population no longer could be represented by its strategies alone. Two populations with the
same strategies but in different demographic states may follow different evolutionary courses,
because the biotic environment in the two populations is not the same (cf.eRahd1994).
However, if mutations are small, and moreover, a small change in strategies is accompanied by a
small change in population dynamics, then during the course of evolution a population may track
gradual changes in the initial demographic attractor instead of jumping back and forth between
different parallel attractors. Consequently, for a monomorphic resident population there will be
different pairwise invasibility plots depending on the initial demographic state of the population.
Obviously, this picture no longer holds if, as a consequence of the evolutionary change in the
resident strategies, the population dynamics undergo a bifurcation such that the demographic
attractor undergoes an abrupt change, loses its population dynamical stability or ceases to exist
altogether (e.g. Matsuda and Abrams, 1994). Notice, however, that neither evolutionary branching
nor extinction of branches are necessarily accompanied by a discontinuous change in the population
dynamics. Repeated alternations between parallel demographic states due to environmental
disturbances on an ecological time-scale could best be modeled as a single, multi-peaked stochastic
attractor rather than as different deterministic population states. This is not possible, however, if the
alternations occur on a longer time-scale.

In this article we assume that mutations are small but finite. This leads to an evolutionary
dynamics with small but discrete steps in the phenotype space. A similar approach with discrete
evolutionary steps in a population genetics context was followed by Matessi and Di Pasquale
(1996). Many other authors, however, assume infinitesimally small steps leading to a continuous
adaptive dynamics (in time as well as in phenotype space) in which the change per unit time is
proportional to the fitness gradient (e.g. Hofbauer and Sigmund, 1990; Metradw1992, 1996;
Abramset al, 1993b; Dieckmaneet al, 1995, Dieckmann and Law, 1996). The fixed-points (or
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equilibria) of the continuous adaptive dynamics coincide with the singular strategies or singular
coalitions of our descrete step approach, but the dynamical properties are different. In particular,
with infinitesimally small mutation steps evolutionary branching does not occur. To see this, notice
that mutual invasibility is possible only within the neighborhood of a singular strategy of a size
proportional to the mutation step size itself. As the mutation step size decreases, an initially
monomorphic population necessarily has to come closer to the singular strategy before the
population can become dimorphic. In the limit of continuous dynamics the step size has become
zero, so that the neighborhood in which mutual invasibility can occur has collapsed to a single
point, that is, the fixed-point itself. Since with continuous adaptive dynamics fixed-points can be
approached but are never actually reached, mutually invasibility, and hence evolutionary branching
are not possible.

The dimensionality of the environment sets a theoretical upper limit to the number of
different strategies that can coexist as a protected polymorphism, and hence to the maximum
diversity that can be reached through branching of the evolutionary tree. One general prerequisite
for branching, therefore, is that individals affect one another via at least two environmental
variables that in turn depend on the frequencies of the various strategies present. If individuals
affect one another via only a single environmental variable (such as population equilibrium density,
or the abundance of a single resource), then only one strategy can persist at a time, and mutual
invasibility, and hence evolutionary branching are not possible. In such a one-dimensional
environment, a (local) ESS is always a (locally) optimal strategy that maintains the highest
equilibrium density or lowest resource abundance (Tilman, 1982; Kisdi and Meszéna, 1993, 1995;
Mylius and Diekmann, 1995). The pairwise invasibility plot is necessarily anti-symmetric along the
main diagonal, and there are only two possible local configurations of the pairwise invasibility plot
(Figure 9a), both of which are degenerate cases in our general classification of the singular
strategies (Figure 2).

Another general prerequisite for evolutionary branching is that the mutant's fithess is a
nonlinear function of the mutant's strategy. This excludes branching in all casesghergiven
as the (weighed) arithmetic average over two alternative pure strategies (like in the case of matrix
games) withx andy denoting the mixing frequencies for respectively the resident and the mutant. If
the mutant's fitness is a linear function of the mutant's strategy, then the second-order derivative of
s(y) with respect to y is zero (cf. Equation 5), and there are only two local configurations of the
pairwise invasibility plot possible (Figure 9b), both of which are non-generic cases in the general
classification of Figure 2. Once the singular has been established, all mutations are neutral (Figure
9b; cf. Bishop-Cannings theorem, 1978). In matrix games the singular strategy is then ESS-stable if
it can invade other populations if initially rare itself (Maynard Smith, 1982, p.14). If this is the case,
then the ESS is also automatically convergence stable (Figure 9b; Taylor, 1989; Eshel, 1996).
Mutual invasibility near the ESS is possible, but branching does not occur.

Although evolutionary branching is reminiscent of speciation, in the present context of
asexually reproducing organisms the species concept has no clear meaning. The possible
connection between branching and speciation in a more general context depends on the extend to
which our results generalize to diploid and sexual organisms, and in particular whether reproductive
isolation evolves between the emerging branches. One possible way of applying our approach to
diploid and sexually reproducing organisms is the following. Assume that there is a continuum of

15



potential allele types on a single, diploid locus (or, equivalently, that there are many loci with very
tight linkage). Moreover, assume that there exists a fungtgrch thatgx;,x,) is the phenotype of

an individual with allelex; andx,. Finally, assume that the phenotype of a heterozygote is always
intermediate between that of the two homozygotes. Notice that this not necessarily implies that the
heterozygote also has an intermediate fithess. Next, consider an initially rare mutagtiallele
randomly mating monomorphic resident population with abel@s long as the mutant allele is

rare, its exponential growth rate is equal to the exponential growth rate of the number of
heterozygotes. For the mutant's fithess we thus find

5,() = (&% V), By n) (24)

(cf. Equation 2), whereg(x,y) is the phenotype of the heterozygote, g(dx) is the phenotype of

the resident homozygote. Using this definitionsgy), the framework can be applied to sexual
populations with Mendelian inheritance describing evolution in allele space rather than in
phenotype space. Thus, depending on the particular problem at hand, all eight local configurations
(Figure 2) of the pairwise invasibility plot for allele types are theoretically possible, including the
branching point.

Branching in allele space leads to a genetic dimorphism (or to genetic polymorphisms after
repeated branching events). Mating between individuals from different genetic branches, however,
produces heterozygotes, so that on a phenotypic level we also see intermediate types. During
branching, these intermediate types necessarily have a lower fitness than the homozygotes and are
selected against (cf. Figure 4e). Types that mate more frequently within branches than between
branches are therefore at a selective advantage. Consequently, branching in allele space may favor
the evolution of assortative mating and of reproductive isolation. Two prerequisites for the
evolution of assortative mating are that a genetic polymorphism is maintained within the population
while at the same time heterozygotes are selected against. Various possible scenarios for the
evolution of assortative mating have been modeled elsewhere (see, e.g., Maynard Smith, 1966;
Balkau and Feldman, 1973; Dickinson and Antonovics, 1973; Felsenstein, 1981; Seger, 1985;
Diehl and Bush, 1989; de Meeas al, 1993). In most population genetic models, which lack
frequency-dependent selection, the maintenance of a genetic polymorphism and heterozygote
inferiority are mutually exclusive. However, within our evolutionary framework, during
evolutionary branching, both conditions arise in a very natural way.
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Dimorphisms near a singular strategy

Consider a dimorphic resident population with strategiesdx, near a singular strategy, and
let sq0(y) denote the fithess of an initially rare mutant with stratggyecond-order Taylor
expansion 084 ,(Y) for X, X,, andy close tax* yields

Sun, M=a+B(X=X)+B( %~ R +B{ ¥ 3
+%y11(X1_X*)2 +Ely22( X, — X) ? +%Y33( y- 7() ?
+y12(X1_X*)( X, ~ X() +y1£ X~ ’X)( y_*)) +y£3 Xz_*x y*)x , (A1)

where the coefficientg, ¥ (i, ] = 1, 2, 3) denote the first- and second-order derivatives £ffy)
evaluated ax; = x, =y = x*. Since the order of the numbering of the resident strategies is arbitrary,
we have

Se (W)= 8, (Y- (A2)
If we apply this to Equation (A1), we find that

Bi=Bs Yiu=Voor V1=V 25 (A3)
Further, as residents are selectively neutral among themselves, we necessarily have

S (%) =8,,(%)=0 (A4)

which, if applied to Equation (Al), yields the additional conditions

a=0

B.=B,=B;=0

Yin=Y2»=0

Vis+% Va3 = Vst 3 Va3 =0

VietV2s=Y1+tY13=0. (AS)

Finally, as the set of potential protected dimorphisms connects to the diagonal of the pairwise
invasibility plot exactly at the singular strategy (Figure 3), we have

Sex (W =5 (Y- (AB)

Second-order Taylor expansionsfy) for y close tax* gives

17



S.(Y) = S;((X‘)+§?SX;T(WE (y—x*)+%w SX*Z(V)E

G—%0 (y=x)°% (A7)
Ly=xt 0O o =xr

The first term is zero because of the selective neutrality of residents among themselves. The second
term is equal to the local fitness gradient at the singular strategy, and therefore is also zero.
Substitution of Equations (A1) and (A7) into Equation (A6) with x, = x* gives

_@?s. (YO

= _ A8
E’Tyz %:X* (A8)

Y3

If we combine the information given in Equations (A3), (A5) and (A8), and use this to simplify
Equation (A1), we get

[9°s.(y)O

S (W=0 20 (Y=x)(y=%). (A9)

0 % O
It follows that for given resident strategigsandx,, the graph o4..(y) as a function of is a
parabola with zeros gt= x; andy = x,.. Moreover, ifx* is ESS-stable, the coefficient in Equation
(A9) is negative (see Equation 5), so that the parabola has a maximum and is posjtivre for
betweerx; andx, (Figure 4b). If, however* lacks ESS-stability, the coefficient in Equation (A9)
is positive (see Equation 5), and the parabola has a minimum and is posiyiweifsidex; andx,
(Figure 4e).

Equation (A9) readily generalizes to cases of mutual invasibility of nearby types in the
vicinity of a singular coalition. Consider a protected polymorphigmx, close to a singular
coalition x;*,..,x.*. For giveni, letx' denote a mutant derived froxthat can coexist with all the
other strategies includingitself. Proceeding in a similar manner as before, we get as second-order
Taylor approximation of the fitness of a new mutant with strayegjpse tox andx' in the now
(n+1)-morphic population gives

D?zsxl*mxn* (yd
S ' EW—ZD (Yy=x)(y-X). (A10)

=X

For a mutant close t* the fithess as a function of its own strategy is a parabola with zeyesxat
andy = x*. If x* is ESS stable (cf. Equation 15), then only mutants in betweenlx' can invade,
whereas otherwise only mutants outside can invade.

Appendix B
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We here derive algebraically the singular strategies and their stability properties in Levene's (1953)
‘soft selection’ model for haploids with different patches. Let = K/3 K; denote the relative size

of thej™ patch, and let the pre-competitive survival probability), for an individual with strategy

x in thej™ patch be given as in Equation (22). The fitness of an initially rare mutant with syrategy

in an equilibrium resident population with strateghen is

=log z F%‘

(cf. Equation 21), where we used that the total population}dizés equal to) K (cf. Equation
17). At a singular strategy, the local fitness gradient by definition is zero, that is,

— _ ZD
U (y- /J) ( /J,)% (B1)

s.(y) =log ) q
=1

|}E,Sx*(y)lz| = D(*_HJD
=-) ¢ b4——0=0. B2
1o H. 2%E o o (B2)

Solving Equation (B2) fox*, we find

X*:.Zlci“i : (B3)
E

that is, the weighted average of the within-patch optimal strategies. For the stability properties of
the singular strategy we need

B?s (Y0 o Dr-ud 1
G—5o0 =%c¢ 00— 0+ B4
0 ox° %zw;‘mazmaz B4
X=x*
and
s (0T ¢ ML (B5)
0 oy° E}/:x* ,Zl‘maz 0 o

Since Equation (B4) is always positive, it follows tiRatan always spread in populations with a
different strategy (cf. Equation 9). Moreover, summation of Equations (B4) and (B5) gives

[(P%s (y)U [(B*s (y)U mo o [X*-p O
X + X =2Nc¢c —10, B6
T B 0o G 29H o A 9

X=X* X=X*
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which is also positive, so that mutual invasibility within the singular strategy's neighborhood is also
always possible (cf. Equation 11). From Equation (B5) it can be seeti th&SS-stable if

i c, —— 1 “ )’ <1, (B7)

=1

but lacks ESS-stability if the inverse inequality is true (cf. Equation 5). In other wdidsan ESS

as long aso is sufficiently large, that is, as long as the overlap of the fitness functions in the
different patches is sufficiently large. The singular strategy is always convergence stable, however,
independently of whether or not it is an ESS, because

[9%s, (y) U [9%s, (y) U 2
2 D D D :_2’ (88)
0 o g=x [ o’ O 0

X=X*

which is always positive (cf. Equation 8). Consequentbg i§ not an ESS, it must be a branching
point. With three patches of equal size € ¢; = ¢z = 1/3), and with equally spaced within-patch
optima with difference (u; = d, t> = 0, Uz = +d), the Equation (B7) becomd&y < V1.5 & 1.22).

References

Abrams, P. A. and Matsuda, H. (1996) Fitness minimization and dynamic instability as a
consequence of predator-prey coevolutievol. Ecol.10,167-186.

Abrams, P. A., Harada, Y. and Matsuda, H. (1993a) On the relationship between gquantitative
genetic and ESS modevolution47, 982-985.

Abrams, P. A., Matsuda, H. and Harada, Y. (1993b) Evolutionary unstable fithess maxima and
stable fithess minima of continuous traiésol. Ecol.7, 465-487.

Balkau, B. J. and Feldman, M. W. (1973) Selection for migration modificahienetics74, 171-
174.

Bishop, D. T. and Cannings, C. (1978) A generalized war of attrtidrheor. Biol.70, 85-124.

Brown, J. S. (1996) Coevolution and community organization in three habiieds.75, 193-206.

Brown, J. S. and Pavlovic, N. B. (1992) Evolution in heterogeneous environments: effects of
migration on habitat specializatidavol. Ecol. 6, 360-382.

Brown, J. S. and Vincent, T. L. (1987) Coevolution as an evolutionary gaoleition41, 66-79.

Brown, J. S. and Vincent, T. L.(1992) Organization of predator-prey communities as an
evolutionary gamekEvolution46, 1269-1283.

Charlesworth, B. (1990) Optimization models, quantitative genetics, and mukatintion 44,
520-538.

20



Christiansen, F. B. (1991) On conditions for evolutionary stability for a continuously varying
characterAm Nat 138, 37-50.

Christiansen, F. B. and Loeschcke, V. (1980) Evolution and intraspecific exploitative competition .
One-locus theory for small additive gene effe€tgeor Pop Biol. 18, 297-313.

Christiansen, F. B. and Loeschcke, V. (1987) Evolution and intraspecific compdtiti@ne-
locus theory for small additive gene effects and multidimensional resource qulses.

Pop Biol. 31, 33-46.

De Meeds, T., Michalakis, Y., Renaud, F. and Olivieri, I. (1993) Polymorphism in heterogeneous
environments, evolution of habitat selection and sympatric speciation: Soft and hard
selection model€vol. Ecol. 7, 175-198.

Dickinson, H. and Antonovics, J. (1973) Theoretical considerations of sympatric divergence.

Nat 107, 256-274.

Dieckmann, U., Marrow, P. and Law, R. (1995) Evolutionary cycling in predator-prey interactions:
Population dynamics and the Red Quéefheor. Biol.176, 91-102.

Dieckmann, U. and Law, R. (1996) The dynamical theory of coevolution: A derivation from
stochastic ecological process&dMath. Biol. 34, 579-612.

Diehl, S. R. and Bush, G. L. (1989) The role of habitat preference in adaptation and speciation. In
Speciation and its consequend&s Otte and J. A. Endler, eds.), pp. 345-365, Sinauer
Associates, Inc., Sunderland, Massachusetts.

Eshel, I. (1983) Evolutionary and continuous stabilitytheor. Biol.103, 99-111.

Eshel, 1. (1991) Game theory and population dynamics in complex genetical systems: The role of
sex in short term and long term evolution.Game equilibrium models I: Evolution and
game dynamicR. Selten, ed.), pp. 6-28, Springer Berlin.

Eshel, 1. (1996) On the changing concept of evolutionary population stability as a reflection of a
changing point of view in the quantitative theory of evolutbbMath. Biol. 34, 485-510.

Eshel, I. and Feldman, M. (1982) On evolutionary stability of the sex Tdtenr Pop. Biol. 21,
430-439.

Eshel, I. and Feldman, M. (1984) Initial increase of new mutants and some continuity properties of
ESS in two-locus system&m Nat 124, 631-640.

Eshel, I. and Motro, U. (1981) Kin selection and strong evolutionary stability of mutual help.
Theor Pop Biol. 19, 420-433.

Felsenstein, J. (1981) Skepticism towards Santa Rosalia, or why are there so few kinds of animals?
Evolution35, 124-138.

Ferriere, R. and Gatto, M. (1995. Lyapunov exponents and the mathematics of invasion in
oscillatory or chaotic populationgheor Pop. Biol. 48, 126-171.

Gliddon, C. and Strobeck, C. (1975) Necessary and sufficient conditions for multiple-niche
polymorphism in haploidAm Nat 109, 233-235.

Hammerstein, P. (1996) Darwinian adaptation, population genetics and the streetcar theory of
evolution.J. Math. Biol. 34, 511-532.

Hammerstein, P. and Selten, R. (1993) Evolutionary game theordandbook of game theory
with economic applicationdR. J. Aumann, and S. Hart, eds.), North Holland.

Hofbauer, J. and Sigmund, K. (1990) Adaptive dynamics and evolutionary stakpigly.Math.

Lett 3, 75-79.

21



Kisdi, E. and Meszéna, G. (1993) Density dependent life history evolution in fluctuating
environments. IlAdaptation in a stochastic environmdat W. Clark, and J. Yoshimura,
eds.) Lecture Notes in Biomathemati@8, pp. 26-62.

Kisdi, E. and Meszéna, G. (1995) Life history with lottery competition in a stochastic environment:
ESSs which do not prevaitheor. Pop. Biol47, 191-211.

Levene, H. (1953) Genetic equilibrium when more than one niche is available. Am. Nat. 87, 331-
333.

MacArthur, R. and Levins, R. (1964) Competition, habitat selection, and character displacement in
a patchy environmen®roc. Nat. Acad. Sci. US21, 1207-1210.

Marrow, P., Law, R. and Cannings, C. (1992) The coevolution of predator-prey interactions: ESSs
and Red Queen dynami¢&oc. Roy. Soc. Lond. 250, 133-141.

Marrow, P., Dieckmann, U. and Law, R. (1996) Evolutionary dynamics of predator-prey systems:
An ecological perspectivd. Math. Biol.34, 556-578.

Matessi, C. and Di Pascale, C. (1996) Long term evolution of multi-locus drditsath. Biol 34,
613-653.

Matsuda, H. and Abrams, P. A. (1994) Timid consumers: Self-extinction due to adaptive change in
foraging and anti-predator effoftheor. Pop. Biol45, 76-91.

Maynard Smith, J. (1966) Sympatric speciatidm. Nat 100, 637-650.

Maynard Smith, J. (1982Fvolution and the theory of game€ambridge University Press,
Cambridge UK.

Maynard Smith, J. and Price, G. R. (1973) The logic of animal comittire246, 15-18.

Meszéna, G., Czibula, I. and Geritz, S. A. H. (1997) Adaptive dynamics in a 2-patch environment:
A toy model for allopatric and parapatric speciatibrBiol. Sys5, 265-284.

Metz, J. A. J., Geritz, S. A. H., Meszéna, G., Jacobs, F. J. A. and Van Heerwaarden, J. S. (1996)
Adaptive dynamics, A geometrical study of the consequences of nearly faithful
reproduction. IrStochastic and spatial structure of dynamical sys{@n3. van Strien, and
S. M. Verduyn Lunel, eds), pp. 147-194, North Holland, Elsevier.

Metz, J. A. J., Nisbet, R. and Geritz, S. A. H. (1992) How should we define ‘fithess' for general
ecological scenariositends Evol. Ecol7, 198-202.

Motro, U. (1994) Evolutionary and continuous stability in asymmetric games with continuous
strategy sets: The parental investment conflict as an exampléNat 144, 229-241.

Mylius, S. D. and Diekmann, O. (1995) On evolutionarily stable life histories, optimization and the
need to be specific about density dependebit@ms74, 218-224.

Rand, D. A., Wilson, H. B. and McGlade, J. M. (1994) Dynamics and evolution: Evolutionarily
stable attractors, invasion exponents and phenotype dyn&hitslrans. Roy. Soc. Lond..

B 343, 261-283.

Seger, J. (1985) Intraspecific resource competition as a cause of sympatric speciatiolution:
Essays in honour of John Maynard Sn{fh J. Greenwood, P. H. Harvey, and M. Slatkin,
eds.), pp. 43-53, Cambridge University Press, Cambridge.

Strobeck, C. (1979) Haploid selection with n alleles in m nickes.Nat 113, 439-444.

Taper, M. L. and Case, T. J. (1992) Models of character displacement and the theoretical robustness
of taxon cyclesEvolution46, 317-333.

22



Taylor, P. D. (1989) Evolutionary stability in one-parameter models under weak sel&bton.
Pop. Biol 36, 125-143.

Tilman, D. (1982)Resource competition and community structi®anceton University Press,
Princeton.

Van Tienderen, P. and De Jong, G. (1986) Sex ratio under the haystack model: Polymorphism may
occur.J. Theor. Biall22, 69-81.

Vincent, T. L. and Brown, J. S. (1989) The evolutionary response of systems to a changing
environmentAppl. Math. Comput32, 185-206.

Weissing, F. J. (1996) Genetic versus phenotypic models of selection: Can genetics be neglected in
a long-term perspectivel? Math. Biol 34, 533-555.

23



%
x x—s

Figure 1. Example of a pairwise invasibility plot. The resident’'s and mutant’'s strategy are
denoted byx andy, respectively. The shaded area indicates combinatiorsantly for
which the mutant’s fitness,(y), is positive. The singular strategy is denoted*y
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Figure 2. The eight possible generic local configurations of the pairwise invasibility plot
and their relation to the second-order derivatives(g§. Inside the shaded regions within
each separate pld(y) is positive.
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Figure 3. Graphic representation of the set of mutually invasible strategies. (a) Sign of
sd(y); (b) sign ofs,(x); and (c) superposition of (a) and (b).
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Figure 4. A mutant’s fithess as a function of its own strajemya dimorphic population
with strategies, andx, as a perturbation from the fithess in a monomorphic population
with a single strategy* that is an ESS (a-c) or not an ESS (d-f).
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Figure 5. Pairwise invasibility plot for Levene’s (1953) haploid selection model with
three patches for (@/o= 1, and (byp/o = 1.5.
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Figure 6. (a) Set of potential protected dimorphisms (shaded regions) with invasion cones
and isoclines ford/o = 1.5. Thick isoclines are ESS-stable, thin isoclines lack ESS-
stability. (b) Simulated evolutionary tree. The arrows at the top of indicate the within-
patch optimal strategies.
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Figure 7. (a) Set of potential protected dimorphisms (shaded regions) with invasion cones
and isoclines ford/o = 2.5. Thick isoclines are ESS-stable, thin isoclines lack ESS-
stability. (b,c) Simulated evolutionary tree. The arrows at the top of indicate the within-
patch optimal strategies.
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Figure 8. Bifurcation plot withd/o as bifurcation parameter for (a) the monomorphic
singular strategy, (b) the dimorphic singular coalition (the different strategy pairs are
labeled 1-3), and (c) the trimorphic singular coalition. Thick lines indicate ESS-stability,
thin lines indicate lack of ESS-stability of the corresponding strategy.
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Figure 9. (a) Local configuration of the pairwise invasibility plot near a local fithess

maximum (i.e., optimal strategy) if the environment is one-dimensional; the signs are
opposite near a local fitness minimum (i.e., ‘pessimal’ strategy). (b) Pairwise invasibility
plot in the case of an ESS if the mutant’s fitness is a linear function of the mutant’s

strategy (for a non-ESS the signs are opposite).



