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CHAPTER SEVEN

Dynamic patterns of adaptive radiation:
evolution of mating preferences

SERGEY GAVRILETS AND AARON VOSE

Introduction

Adaptive radiation is defined as the evolution of ecological and phenotypic
diversity within a rapidly multiplying lineage (Simpson 1953; Schluter 2000).
Examples include the diversification of Darwin’s finches on the Galapagos
islands, Anolis lizards on Caribbean islands, Hawaiian silverswords, a mainland
radiation of columbines, and cichlids of the East African Great Lakes, among
many others (Simpson 1953; Givnish & Sytsma 1997; Losos 1998; Schluter 2000;
Gillespie 2004; Salzburger & Meyer 2004; Seehausen 2006). Adaptive radiation
typically follows the colonization of a new environment or the establishment of
a ‘key innovation’ (e.g. nectar spurs in columbines, Hodges 1997) which opens
new ecological niches and/or new paths for evolution.

Adaptive radiation is both spectacular and a remarkably complex process,
which is affected by many different factors (genetical, ecological, developmen-
tal, environmental, etc.) interweaving in non-linear ways. Different, sometimes
contradictory scenarios explaining adaptive radiation have been advanced
(Simpson 1953; Mayr 1963; Schluter 2000). Some authors emphasize random
genetic drift in small founder populations (Mayr 1963), while others focus on
strong directional selection in small founder populations (Eldredge 2003;
Eldredge et al. 2005), strong diversifying selection (Schluter 2000), or relaxed
selection (Mayr 1963). Identifying the more plausible and general scenarios is a
highly controversial endeavour. The large timescale involved and the lack of
precise data on its initial and intermediate stages even make identifying general
patterns of adaptive radiation very difficult (Simpson 1953; Losos 1998; Schluter
2000; Gillespie 2004; Salzburger & Meyer 2004; Seehausen 2006). Further, it is
generally unknown if the patterns identified in specific case studies apply to
other systems.

The difficulties in empirical studies of general patterns of adaptive radiation,
its timescales, driving forces, and consequences for the formation of biodiver-
sity make theoretical approaches important. Perhaps surprisingly, the phenom-
enon of adaptive radiation remains largely unexplored from a theoretical
modelling perspective. Adaptive radiation can be viewed as an extension of
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the process of speciation (driven by ecological factors and subject to certain initial
conditions) to larger temporal and spatial scales. A recent explosion in empirical
speciation work (reviewed by Coyne & Orr 2004; Price 2008) has been accompa-
nied by the emergence of a quantitative theory of speciation (Gavrilets 2004). In
contrast, there have been few attempts to build genetically based models of large-
scale evolutionary diversification. The few existing examples are applicable
mostly to asexual populations or do not explicitly treat spatially heterogeneous
selection and ecological competition but, instead, focus on stochastic factors
(Hubbell 2001; Chow et al. 2004; Gavrilets 2004). However, it is thought that
diversifying selection is very important in adaptive radiations, and adaptive diver-
sification has been shown to overcome stochasticity and historical contingencies
in similar environments (Losos et al. 1998). Therefore, diversifying, ecologically
based selection needs to be explicitly incorporated into modelling approaches.

Recently, we (Gavrilets & Vose 2005) presented our initial attempts to build a
realistic genetically explicit, individual-based model of adaptive radiation
driven by ecological selection in a spatially heterogeneous environment. We
were able to model evolutionary dynamics of populations with hundreds of
thousands of sexual diploid individuals over a time span of 100 000 generations
assuming realistic mutation rates and allowing for genetic variation in a large
number of both selected and neutral loci. Our approach was built upon a model
of speciation via adaptation to a new ecological niche occurring simultaneously
with the evolution of genetically based preferences for the niche (Diehl & Bush
1989; Fry 2003). Although this model was originally proposed as a model of non-
allopatric speciation in the apple maggot fly Rhagoletis pomonella (Feder 1998), it
is applicable to other systems where individuals choose an ecological niche in
which they mate and raise offspring. Besides its simplicity and generality, this
model provides one of the easiest ways to achieve non-allopatric speciation
(Gavrilets 2004). Furthermore, it is the only mathematical model of non-
allopatric speciation strongly supported by experimental work (Rice & Salt
1990; Rice & Hostert 1993). We used this model within the framework of para-
patric speciation (Coyne & Orr 2004; Endler 1977; Gavrilets 2003, 2004) in which
spatial heterogeneity in selection, isolation by distance and migration into new
patches all play critical roles. Our goal was to help identify potential general
patterns of adaptive radiation and evaluate their characteristic timescales.

We consider a scenario in which a few individuals of a sexual diploid species
colonize a new environment (e.g. an island or a lake) in which a number of
spatially structured empty ecological niches are available. For example, Anolis
radiation on Caribbean islands is largely driven by adaptation to six ecological
niches associated with different parts of vegetation (Losos 1998). While the
founders have low fitness, the abundant resources and lack of competitors
allow them to seed a population that is able to survive throughout the environ-
ment at low densities. The founders have no particular preference for the
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ecological niches available in the new environment. However, as selection acts
on the new genetic variation supplied by mutation, different lineages can
become adapted to and simultaneously develop genetic preferences for differ-
ent ecological niches. The process of ecological and phenotypic diversification
driven by selection for local adaptation was accompanied by the growth in the
densities of emerging species.

In this chapter, we start by outlining our model and then discuss its behaviour
when mating remains random throughout the simulations (Gavrilets & Vose
2005). However, the evolution of mating preferences is a crucial factor in many
speciation models and is strongly associated with reproductive isolation in
empirical studies. Therefore, we examine next the evolution of non-random
mating and its influence on the dynamics of reproductive isolation and
diversification.

Mathematical model

We use a generalization of the model in Gavrilets and Vose (2005) which in turn
generalizes and extends those in Diehl and Bush (1989), Johnson et al. (1996) and
Fry (2003) (see also Kawecki 1996, 1997). The most important extension of our
previous model concerns the incorporation of three additional traits controlling
(non-random) mating (Gavrilets et al. 2007). We will use this model to study the
process of invasion by a species into an environment where new ecological niches
are available (Kawata 2002; Gavrilets & Vose 2005, 2007; Gavrilets et al. 2007). In
the new environment, the invading species can be viewed as a low-fitness general-
ist. In contrast to most modelling work on evolution in a spatially heterogeneous
environment which assumes soft selection (Kisdi & Geritz 1999; Spichtig & Kawecki
2004 and references therein, but see DeMeeus et al. 1993) and does not consider
population densities explicitly, selection for local adaptation in our model is not
only density-dependent but also hard (sensu Christiansen 1975). That is, the
contribution of each niche to offspring depends on the fitness of individuals in
the niche (which is more biologically realistic under the scenario we study). The
following describes the major components of the model.

Space and environment

Space is subdivided into a rectangular array of ‘patches’ with each patch sup-
porting a population of a certain size. For example, one can think of different
parts of a lake environment, or different types of vegetation or soil. There are k
environmental factors 6; (i=1, 2,..., k). Each of these factors can take only two
discrete values: 0 and 1, corresponding to two contrasting environmental con-
ditions, such as sandy or rocky lake bottom, high or low light level, basalt or
calcarenite soil, etc. Consequently, each patch belongs to one of 2¥ possible
types (‘ecological niches’). Initially, ecological niches are assigned to patches
randomly with equal probabilities.
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Individuals
Individuals are diploid. Each individual has a number of additive quantitative
characters:

e k ‘ecological’ characters x,..., X,
e k ‘habitat preference’ characters y;,..., Y,
e three ‘mating compatibility’ characters m, fand c.

Ecological and habitat preference characters are expressed in both sexes.
Following previous models (Dieckmann & Doebeli 1999; Bolnick 2004, 2006;
Gavrilets et al. 2007) we assume that male display trait m is expressed in males
only, whereas female mating preference traits f and ¢ are expressed in females
only. Trait f describes the value of the male trait that the female prefers most.
Trait ¢ characterizes the choosiness of the female. All these traits are scaled to
[0,1] and are controlled by different unlinked diallelic loci with equal effects.
Mutations occur at equal rates across all loci; the probabilities of forward and
backward mutations are equal. In addition, there is a number of unlinked
neutral loci with a large number of alleles subject to stepwise mutation (Ohta
& Kimura 1973). These loci have higher mutation rates and are used to evaluate
the levels of genetic divergence within and between species one would observe
if using microsatellite markers.

Life-cycle
Generations are discrete and non-overlapping. The life cycle consists of the
following stages, in order:

density-dependent viability selection within the patch,
preferential dispersal of surviving adults among neighbouring patches
(including the patch of origin),

e nonrandom mating among individuals within the patch and offspring
production.

Note that our description of the third stage implies that mating pairs are formed
in the feeding habitat (e.g. as in many plant-feeding insects).

Viability selection
The i-th ecological character x; controls the fitness component w; associated with
the i-th environmental factor. Specifically,
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where 6; is the optimum phenotype (which is given by the value of the i-th
environmental factor in the niche). That is, each ecological character is subject
to directional selection towards an extreme value (0 or 1). Parameter o; measures
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the strength of ecological selection; smaller values of s, mean stronger selec-
tion. The overall fitness w is taken to be the product of the fitness components
(i.e. w=wq, Wy, ..., wy). Note that fitness of a ‘specialist’ (i.e. a genotype perfectly
adapted to one niche) in a niche differing by j environmental factors (j<k) is
Wjspec = €Xp[—j/(202)]. Fitness of a ‘generalist’ (i.e. an individual with x=1/2) is
Wgen = €xp[—k/(802)] in all niches. Note that a hybrid between two individuals
adapted to the two alternative states of an environmental factor will have an
intermediate phenotype and low fitness in both environments (as implied in the
scenario of ecological speciation (Schluter 2000; Forister 2005; Rundle & Nosil
2005)).

Within each patch selection acts on viability and is density dependent. The
overall fitness w controls a carrying capacity, K=Kyw, associated with the phe-
notype, where K, is the maximum carrying capacity (the same for all niches).
The probability that an individual survives to the age of reproduction is given by
the Beverton-Holt model (Kot 2001):

1
- - 2
YT e- )Y (2)
for monoecious individuals, and
1
V= (2b)
1+¢-1¥

for dioecious individuals, where b>0 is a parameter (the average number of
offspring per female; see below), and N is the number of juveniles in the patch.

Habitat preference and dispersal
The i-th preference character y; controls preference component p; for the i-th
environmental factor. Preference component p; is given by a linear function of y;:

1 1
Pi=§iai(%*5>y

where 0<g;<1 is a parameter measuring the maximum possible preference and
the sign is ‘+’ for §;=1 and ‘-~ for §;=0. Note that if y;=1/2, the individual has
equal preference for both states of the environmental factor (i.e. p;=1/2). The
value of 1 - g; can be interpreted as the probability that an individual with
the highest preference for one habitat mistakenly goes to the other habitat. The
overall preference for an ecological niche characterized by environmental fac-
tors 0y, O, ..., 6, is taken to be the product of the individual preference compo-
nents (i.e. p=p1, po, ..., Px). The probability that an adult enters a patch to mate
and raise offspring is proportional to its preference p for the ecological niche
present in the patch. Note that a hybrid between two individuals with strong
preferences to the two alternative states of an environmental factor will have
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low preference for either environment (e.g. as experimentally demonstrated in
species of maggot flies Rhagoletis where hybrids show reduced response to
parental host-fruit odours (Linn et al. 2004)).

Each adult migrates to one of the eight neighbouring patches or returns back
to its native patch with probabilities proportional to its preferences for the
corresponding ecological niches. For patches at a boundary, the number of
patches available for emigration is reduced according to the number of neigh-
bouring patches.

Mating preference
The relative probability of mating between a female with traits fand c and a male
with trait m is

exp P(Zc -1)? (fz":g)z] , if¢>0.5,

w(m,f,c) =< 1,ifc=0.5, , (3)
exp [f(ZC —1)? %}, if ¢>0.5,

where parameter g, scales the strength of female mating preferences (Gavrilets
et al. 2007). Under this parameterization, females with ¢=0.5 mate randomly,
females with ¢> 0.5 prefer males whose trait m is close to the female’s trait f
(positive assortative mating), and females with ¢ < 0.5 prefer males whose trait m
is close to 1 - f(negative assortative mating). Note that the absolute value |2¢c - 1],
which we will denote as C, characterizes the extent of deviation of the female’s
mate choice from random: females with C=0 mate randomly while those with
C=1 exhibit the strongest possible (negative or positive) assortative mating.
Parameter o, governs the width of the mating probability distribution; the
small numerical value used below (0.1) implies that the mating preference loci
have very strong effects on the probability of mating (Gavrilets et al. 2007).

Offspring production

Each mating results in a number of offspring drawn from a Poisson distribution
with parameter b. We assume that all adult females mate. This assumption
implies that any costs of mate choice, which can easily prevent divergence
and speciation (Pomiankowski 1987; Bolnick 2004; Gavrilets 2004, 2005;
Gourbiere 2004; Kirkpatrick & Nuismer 2004; Waxman & Gavrilets 2005), are
absent. This assumption also means that the effective population size is
increased relative to the actual number of adults (Gavrilets & Vose 2005).

Local extinction

At the start of every generation, each patch goes extinct with a small proba-
bility e. When this happens, all individuals present there die and the ‘niche’
assigned to this patch is chosen anew randomly. The later assumption is a



IFS2ICUP/3PAGINATION/SPDY/2PRO0FS 382 9msosatssisactnsp 108 [102-126] 31.7.2008 2:49PM

108

GAVRILETS AND VOSE

simple way to have some turnover of ecological niches. For example, if a patch
represents a tree of a certain host species, then when the tree dies its space can
be occupied by a tree of a different host species.

Reproductive isolation and species

We assume that genetic incompatibilities (Coyne & Orr 2004; Gavrilets 2004) are
absent. Reproduction isolation can evolve in the model via differentiation in
habitat preferences, selection against immigrants and hybridization, and sexual
selection. In our model, for each individual, there is a niche, say niche J, where it
is most fit, and there is a niche, say niche I, for which it has the strongest
preference. We interpret each individual for whom J=I as a member of ‘ecolog-
ical’ species I. Each ecological species can be comprised by a number of ‘sexual
morphs’ or ‘sexual species’, i.e. groups of individuals reproductively isolated by
differences in mating preferences. Because fitness in a niche, preference for a
niche and mating preferences are controlled genetically, our ‘species’ also
represent distinguishable genetic clusters which are reproductively isolated to
a certain degree (Mallet 1995; Pigliucci 2003). The degree of reproductive iso-
lation gets progressively amplified as a by-product of ecological adaptation and
strengthening of habitat and mating preferences.

Initial conditions

Kinie adults populate a single patch in the upper left corner of the system. All
individuals are identical homozygotes with all traits exactly at 1/2. Each micro-
satellite locus is heterozygous with two intermediate alleles out of 28 possible
alleles.

Parameter values

We varied system size (8 x 8, 16 x 16, 32 x 32), number of loci per each trait (L=4,
8, 16) and the local extinction rate (¢=0, 0.0025, 0.01, 0.04). The following
parameters did not change: number of traits k=3, 6,=0.356 (which corres-
ponds to the fitness of the generalists being 0.05 of the maximum possible
value), average number of offspring b=4, maximum strength of preference
a;=0.99, number of ‘microsatellite’ loci M=8 and mutation probability z=10"°
for the loci controlling ecological and preference traits and u,=10> for
the ‘microsatellite’ loci. 30-50 runs were done for each parameter combina-
tion. Simulations ran for up to 100 000-150 000 generations or until global
extinction.

Population genetic structure at neutral loci
To estimate the levels of spatial structuring in neutral loci we used the AMOVA
framework (Excoffier et al. 1992; Excoffier 2001).
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Diversification under random mating

Here, we briefly summarize our previous results corresponding to the case
when mating was forced to remain random throughout the simulations
(Gavrilets & Vose 2005). In these simulations, individuals were monoecious,
the number of founders was Kj,;;=10 individuals, and maximum carrying
capacity was K,=500 individuals. Under these conditions and for parameter
combinations used in our numerical simulations, adaptive radiation into a
number of ecological niches often follows the colonization of a new environ-
ment. Generally, in the course of the simulations, ecological traits evolve faster,
approach their optimum trait values closer, and maintain less genetic variation
at (stochastic) equilibrium than the habitat preference traits.

Area effect

In Anolis lizards, empty ecological niches get filled only on islands of sufficiently
large area (Losos 1998). In our simulations, larger areas allow for more intensive
diversification (see Figure 2 in Gavrilets & Vose 2005). For parameter values
used, eight ecological niches are always available. However, in systems of
smaller size (e.g. 8 x8 or 16 x 16) not all niches are filled. The area effect has
the following explanation. First, larger areas can support larger population sizes
which in turn results in more advantageous mutants on which diversifying
selection can act. Second and more importantly, in larger areas new locally
advantageous genes may become better protected by distance from the diluting
effect of locally deleterious genes, which otherwise can easily prevent adapta-
tion to a new niche (Riechert 1993). Isolation by distance allows new advanta-
geous combinations of genes to accumulate in large numbers, promoting
further adaptations to new ecological niches.

Effect of the number of loci

In our simulations, increasing the number of loci underlying the traits decreases
diversification (see Figure 2 in Gavrilets & Vose 2005). This happens because a
larger number of loci implies weaker selection per each individual locus and a
stronger overall effect of recombination in destroying coadapted gene com-
plexes. Similar effects have been observed in a number of related models
(Gavrilets 2004; Gavrilets & Vose 2007; Gavrilets et al. 2007).

Timing of speciation

Typically if more than one species emerges, there is a burst of speciation soon
after colonization rather than a more or less continuous process of speciation
(see Figure 3 in Gavrilets & Vose 2005). The explanation can be given in terms of
ecological opportunity and genetic constraints (Erwin et al. 1987). Initially, the
former is much larger (because there are more empty niches, local densities are
low and competition is weaker), whereas the latter is much smaller (because the
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founders are not specialized) than later in the radiation. As a consequence, in
our simulations more than 98% of speciation events occurred within the first
10000 generations.

Overshooting effect

In some adaptive radiations, the diversity (i.e. the number of species) peaks early
in the radiation. For example, the number of species of spiny-legged Tetragnatha
spiders on younger Hawaii islands is larger than on the older ones (Gillespie
2004). Our simulations provide some support for the generality of this ‘over-
shooting effect’. An explanation of the overshooting effect can be given in terms
of the differences between the rates of species extinction and origination.
Whereas the former is more or less constant in time (excluding the first few
thousand generations), the latter decreases in time because of the effects of
ecological opportunity and genetic constraints as discussed above. Note that the
overshooting effect was system-size specific; it was not observed in 32 x 32
systems. The most likely reason is that larger systems require a longer period
of time for a decline in diversity to become apparent.

Hybridization and neutral gene flow

In our simulations, species can stably maintain their divergence in a large
number of selected loci for very long periods of time in spite of substantial
hybridization and gene flow that removes differentiation in neutral markers.
Similar observations are often made in natural populations. For example, blue
butterfly species Lycacides idas and Lycaeides melissa utilize different hosts and
have diverged significantly in morphology, yet show no differentiation in neu-
tral markers (Nice et al. 2002).

‘Least action effect’

In our simulations, speciation occurring after the initial burst usually involves a
change in a single pair of characters. This observation provides theoretical sup-
port for a prediction that shifts to radically different hosts will be much less
common than shifts to similar hosts (Bush 1969). That is, if a host shift happens, it
proceeds, metaphorically speaking, in the direction of least action. A related
observation is that when some niches are not filled, the existing species differ
in the minimum number of characteristics (1 or 2). These effects are explained by
the fact that the deleterious effects of immigration of locally disadvantageous
genes on the possibility of accumulation of locally advantageous genes become
stronger with genetic difference between immigrating and resident genotypes.

Evolution of non-random mating
Next we consider individuals with discrete sexes and allow non-random mating
to evolve. We have performed additional simulations varying the number L of
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loci per trait, the system size and the local extinction rate ¢ in the same way as in
the previous section. Throughout the simulations we assumed that the carrying
capacity was K=600 individuals per deme; set parameter o, of the preference
function (3) at 0.1; and started with 20 founders (10 males and 10 females). The
founders were homozygous with ecological, habitat preference and mating
preference traits all set at 0.5 for each individual. Thus, all founders were
randomly mating generalists. For most parameter combinations, we accumu-
lated 30 runs with the system surviving for about 100 000-150 000 generations.
However, in systems of the smallest size (8 x 8) and with non-zero extinction
rate, long-term survival was not observed (Gavrilets & Vose 2005). Figure 7.1
illustrates some states reached by the system with k=3 (and, thus, eight possible
ecological niches). In the four cases shown, 2, 8, 4 and 8 ecological niches were
filled by two to three sexual species each. In the cases shown, a large number of
local populations are close to the carrying capacity. However, in some patches
populations are very small. These are ‘sink populations’ (Holt 1997) that cannot
adapt to the conditions they experience because of the deleterious effect of
migration of locally maladapted genotypes. A gallery of graphical results illus-
trating the final state of the system can be viewed at http:/neko.bio.utk.
edu/~avose/niche.

The overall dynamics were similar to those observed in the case of monoe-
cious populations described above. However, because of an increased demo-
graphic stochasticity of dioecious populations, successful invasion was much
less common. (That was actually the reason why we increased both the number
of founders and the population carrying capacity relative to those used in the
previous section.) The number of ecological niches filled during the diversifica-
tion stage was reduced for the same reason.

Strength of non-random mating

The strength of non-random mating in the system can be characterized by the
average value C of trait C (=|2c—1|; see above) in the population. In our
simulations, strong non-random mating does evolve often on the timescale
studied. Tables 7.1 and 7.2 show the average time T taken for C to reach 0.5 for
the first time. Also given there are the number of runs in which C did reach
0.5. Notice that time T is typically one order of magnitude larger than the
characteristic time for the evolution of local adaptation and habitat prefer-
ence (see above and Gavrilets & Vose 2005). Simulations also show C does not
necessarily evolve to the maximum possible value but can be stably main-
tained at some intermediate values (cf. Matessi et al. 2001) or can drastically
fluctuate in time (cf. Hayashi et al. 2007). Overall, the model predicts that
partial sexual isolation (e.g. as between Littorina ecotypes (Rolan-Alvarez et al.
1997) or between Timema walking-stick ecotypes (Nosil et al. 2002)) should be
common.
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(a)

Figure 7.1 Examples of the system state with three environmental factors (k= 3, so that
there are eight possible niches). Each square represents a patch. The colour of the square
represents the ecological niche assigned to the patch. Each local population is represented
by a circle. The radius of the circle is proportional to the population size (the maximum
radius corresponds to a population at carrying capacity). The colour of the circle defines the
niche preferred by the majority of individuals. Matching of the color of the corresponding
square and circle (observed in most cases) means that the majority of individuals in the patch
have preference for the ecological conditions they experience. (a) 8 x 8 systems with two
ecological niches filled, (b) 16 x 16 system with eight ecological niches filled, (c) 32 x 32 system
with four ecological niches filled, and (d) 32 x 32 system with eight ecological niches filled.

Drift versus selection (against hybridization)

In principle, non-random mating in our model can evolve by drift and/or selec-
tion against hybridization. Parameters of the model are expected to have much
less effect on the dynamics of the processes if drift is more important than
selection. The deleterious effect of hybridization is not present if only one
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Table 7.1 The average time to the evolution of non-random mating
(in thousands of generations) over the runs with a single filled’ niche

System size
L & 8x8 16x16 32x32
4 0 61.6(4) - -
0.0025 - 50.4(17) -
0.01 - 33.9(25) -
0.04 - 70.5(2) -
8 0 84.8(5) - -
0.0025 - 70.2(20) -
0.01 - 44.8(22) -
0.04 - 66.3(7) -
16 0 113.1(4) - -
0.0025 - 49.5(2) -
0.01 - 67.7(12) -
0.04 - 87.8(8) -

Note: The number of runs is shown in the parentheses.

Table 7.2 The average time to the evolution of non-random mating
(in thousands of generations) over the runs with more than one ‘filled’

niches
System size

L & 8x8 16x16 32x32

4 0 52.6(26) 39.0(30) 25.0(30)
0.0025 - 25.5(13) 20.0(30)
0.01 - 13.4(5) 20.8(30)
0.04 - 32.2(28) 22.7(30)

8 0 92.4(13) 77.6(17) 83.8(15)
0.0025 - 24.5(1) 65.9(26)
0.01 - 33.5(1) 71.3(26)
0.04 - 83.5(16) 69.4(28)

16 0 65.0(1) 69.0(1) 142.0(1)
0.0025 - 121.1(1) -
0.01 - 73.5(1) 123.0(1)
0.04 - - 114.0(5)

Note: The number of runs is shown in the parentheses.
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ecological niche is filled. Therefore, the runs in which C evolved to high values
when only one ecological niche was filled (shown in Table 7.1) illustrate the
evolution of non-random mating by drift. The runs in which C evolved to high
values when more than one ecological niche was filled (shown in Table 7.2) can be
interpreted as illustrating the evolution of non-random mating by selection
against hybridization. Comparing Tables 7.1 and 7.2, one can see that non-
random mating often evolved by drift in 16 x 16 systems, whereas this never
happened in 32 x 32 systems. Table 7.2 shows that if selection against hybrid-
ization is present, non-random mating evolves faster in larger systems with fewer
loci. Non-zero local extinction promotes the evolution of non-random mating
(because local extinction causes turnover of populations, more contact between
different ecological species, and more hybridization). However, provided local
extinction rate ¢ is non-zero, the effect of its exact value seems to be small.

Divergence in mating characters

Evolution of non-random mating does not mean, by itself, divergence in mating
characters between or within ecological species as mating preferences can be
shared across different ‘ecological species’. However, in the simulation we do
observe both between- and within-(ecological) species divergence in mating
preferences. Figure 7.2 shows examples of the distributions of mating charac-
ters observed in simulations with different number of ecological niches filled.
For example, in case (a), two ecological niches are filled with two sexual species,
each characterized by moderately strong negative assortative mating (c<0.5). In
case (d), all eight ecological niches are filled by three sexual species, each
characterized by strong positive assortative mating (c>0.5). In case (b), all
eight ecological niches are filled by two sexual species; in each pair, one species
exhibit strong positive assortative mating (c > 0.5) while the other species strong
negative assortative mating (¢ <0.5).

The distribution of mating characters often has a discrete nature. To chara-
terize this quantitatively, we defined the number of (sexual) morphs as the
number of local maxima in the distribution of the male mating trait m observed
after removing ‘odd’ trait values. For example, with L =4 the possible trait values
are 0, 1/8, 2/8, 3/8, 4/8, 5/8, 6/8, 7/8 and 8/8. After removal of ‘odd’ values, we are
left with five ‘even’ values 0, 2/8, 4/8, 6/8 and 8/8. Simulations strongly suggest
that ‘even’ values capture the internal cluster structure of the population much
better than the ‘odd’ ones (because peaks in the distribution of the male trait m
at ‘odd’ numbers often represent hybrids). Table 7.3 shows the number of sexual
morphs (or ‘sexual species’) at the end of the run per filled ecological niche. In
simulations, we have observed up to 3-4 distinct sexual morphs per ecological
species and up to 24 discrete reproductively isolated species. However, in some
cases, we observed an almost uniform distribution of the male trait m rather
than discrete clusters or ‘peaks’ (see Fig. 7.2).
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Figure 7.2 Examples of the distributions of mating characters across different ecological
niches and overall in the system. The first graph in each pair shows the distributions of
male display trait (m; left bar for each niche) and female preference trait (f; right bar for
each niche) within each of the eight niches (0,1, ..., 7). The traits change between 0 (upper
boundary of the graph) and 1 (lower boundary of the graph). The intensity of the black
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Table 7.3 Average number of mating morphs per filled’ ecological
niche at the end of simulations

System size
L & 8x8 16x16 32x32
4 0 1.31 1.89 1.97
0.0025 - 1.42 2.62
0.01 - 1.00 2.48
0.04 - 1.10 2.26
8 0 1.26 1.63 2.05
0.0025 - 1.16 2.35
0.01 - 1.10 1.58
0.04 - 1.00 1.24
16 0 1.31 1.63 1.78
0.0025 - 1.33 1.36
0.01 - 1.16 1.15
0.04 - 1.00 1.13

Table 7.4 shows an alternative diversity index y for the male traits which we
defined as twice the standard deviation of trait m in the population. This index can
take values between zero and one with the latter being observed when the distri-
bution is symmetric bimodal with peaks at 0 and 1. In both cases, we chose to work
with male character m rather than female characters f and ¢ because males are
under (sexual) selection whereas female traits can evolve more or less randomly/
neutrally (at least as long as selection against hybridization is not too strong).

Figure 7.1 color is proportional to the frequency of individuals with the corresponding
trait value. The numbers at the bottom give the number of ‘sexual morphs’ per each
ecological niche. The second graph in each pair shows the overall distribution of male
display trait (m) versus the overall distribution of female mating tolerance trait c. The
traits change between 0 (upper left corner of the graph) and 1 (lower right corner of the
graph). The intensity of the black colour is proportional to the frequency of individuals
with the corresponding trait value. Shown are: (a) run 11 in set 0 (8 x 8, L=4, ¢=0, 2 filled
niches), (b) run 6 in set 12 (16 x 16, L=4, ¢=0, 8 filled niches), (c) run 23 in set 12 (16 x 16,
L=4, ¢=0, 8 filled niches), (d) run 12 in set 25 (32 x 32, L=4, £=0.0025, 8 filled niches), (e)
run 13 in set 25 (32 x 32, L=4, £=0.0025, 8 filled niches), (f) run 0 in set 29 (32 x 32, L=8,
£=0.0025, 4 filled niches), (g) run 9in set 29 (32 x 32, L =8, £=0.0025, 4 filled niches) and (h)
run 6 in set 35 (32 x 32, L=16, £¢=0.04, 2 filled niches). Note that when mating is positive
assortative (so that ¢> 0.5; cases ¢, d, f and, partially, b) the distributions of m and f are
fairly similar; if mating is negative assortative (so that ¢<0.5; the rest of the cases), the
distribution of m is a mirror image of the distribution of faround 1/2. See http://neko.bio.
utk.edu/~avose/niche for a compete gallery of graphical results.
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Table 7.4 Average diversity v in the male mating character m at the
end of simulations (0<y<1)

System size
L & 8x8 16x16 32x32
4 0 0.47 0.82 0.79
0.0025 - 0.47 0.84
0.01 - 0.07 0.83
0.04 - 0.13 0.82
8 0 0.17 0.33 0.53
0.0025 - 0.12 0.77
0.01 - 0.06 0.59
0.04 - 0.05 0.65
16 0 0.08 0.14 0.16
0.0025 - 0.08 0.11
0.01 - 0.06 0.08
0.04 - 0.03 0.08

Importantly, throughout the simulations there is much more variation in
female mating preference traits than in the male traits (because there is no
cost of choosiness for females, but males are often subject to strong sexual
selection). Both Tables 7.3 and 7.4 show that diversification in male mating
character is more extensive if the number of loci and the local extinction rate
are small but the system size is large. That is, the qualitative effects of these
parameters on the diversification in mating characters are the same as on the
diversification in ecological characters.

Does more ecological species mean more sexual species?

Whether species diversity promotes speciation is a controversial topic (Cadena
et al. 2005; Emerson & Kolm 2005). Does ecological diversification per se pro-
mote the evolution of non-random mating in our simulations? To answer this
question, we calculated the correlation between the number of ecological
niches filled at the moment when C reached 1/2 for the first time (which can
be viewed as a measure of ecological diversity at speciation) and the following
four variables: (1) T (i.e. the time to C=0.5), (2) the number of sexual morphs per
filled niche, (3) diversity index y, and (4) the value of C. The last three variables
were evaluated at the end of simulations. To save space, rather than giving four
different tables with correlations and marking statistically significant correla-
tions with, say, stars we decided to collect all statistically significant correla-
tions in a single table (Table 7.5). This table suggests that more filled ecological
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Table 7.5 Significant correlations (at P = 0.05) of measures of sexual
diversification with the number of filled niches at C = 0.5

System size
L & 8x8 16x16 32x32
4 0 +1
0.0025 +2,3,4 -1
0.01 -1 -1
0.04 -1 -1+3
8 0 +3
0.0025 +2
0.01 -1+2
0.04
16 0
0.0025 +1
0.01
0.04

Note: Plus signifies positive correlation and minus negative. The numbers
correspond to the correlations with (1) T (i.e. the time to C=0.5), (2) the
number of sexual morphs per filled niche, (3) diversity index y, and (4) the
value of C. Empty spots mean statistically insignificant correlations.

niches sometimes result in shorter times to the evolution of non-random
mating, more sexual morphs, larger diversity in male characters and larger
strength of non-random mating. However, these effects are not necessarily strong.

The role of reinforcement

A standard argument in evolutionary biology is that a contact between popula-
tions adapted to different ecological niches will result in their divergence in
mating characters so that the effects of hybridization and resulting deleterious
gene flow between them are reduced.

This is a classical reinforcement scenario supported by data and a number of
mathematical models (Butlin 1987, 1995; Howard 1993; Servedio & Noor 2003;
Coyne & Orr 2004; Gavrilets 2004). How common is between-niche diverge in
mating characters without within-niche diversification in our simulations? The
surprising answer is that ‘classical’ reinforcement is not common at all. Overall,
with two ecological niches filled, strong reproductive isolation (with C>0.5 and
y>0.5) has evolved in 40 runs under eight different sets of parameters. Within-
niche diversification was absent in only four of these cases (under two different
sets of parameters). With four ecological niches filled, strong reproductive isola-
tion (with C> 0.5 and y> 0.5) has evolved in more than 130 runs under 13 different
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sets of parameters. Within-niche diversification was absent in only 13 of these
cases (under two different sets of parameters). These results can be understood in
the following terms. The populations occupying and adapted to different ecolog-
ical niches do start diverging in mating characters upon a contact (as postulated in
the reinforcement scenario). However, reproductive isolation between them is
never strong initially. Therefore, whatever new mating traits emerge in one
ecological niche readily spread across the (ecological) species boundary and
become represented in other ecological niches. Such ‘parallel’ diversification in
mating characters does result in a reduction of gene flow between different
ecological niches, some between-niche gene flow is maintained. Simultaneously,
‘parallel’ diversification creates within-niche divergence in mating characters and
reduction in within-niche gene flow. At least in the model studied here, the
classical reinforcement appears to be a short-term process.

Previous modelling work on reinforcement has never been performed at the
level of complexity and biological realism used here. This probably explains
why the within-species diversification in mating characters accompanying rein-
forcement has not been identified earlier.

The role of hybridization

Recently, there has been a lot of interest in hybridization in natural populations
(Rieseberg 1995, 1999; Arnold 1997; Dowling and Secor 1997; Barton 2001) with
some researchers forcefully arguing for a very important role of hybridization in
biological diversification, speciation and adaptive radiation of not only plants
but also animals (Seehausen 2004; Arnold & Meyer 2006; Mavarez et al. 2006;
Mallet 2007). Is there a role for hybridization in this model? In the previous
subsection, we already discussed the phenomenon of parallel diversification in
mating characters which occurs as a result of hybridization following the
emergence of new mating traits. A similar behaviour occasionally occurs with
regard to ecological traits. In most modelled cases, all species observed at the
end of a simulation run originate more or less simultaneously (see also Gavrilets
and Vose (2005)). However, occasionally new ecological species originate signifi-
cantly after the initial diversification. In such a case, the new ecological trait
spreads across the species boundary, which results in essentially doubling the
number of species in the system. We note that these dynamics (e.g. rapid
emergence of multiple species after an extended period of stable species diver-
sity) resemble those emphasized by punctuated equilibrium theory (Eldredge
1971; Eldredge & Gould 1972; Gould 2002).

In our simulations, different species are never completely isolated geograph-
ically, and it is impossible for different species to accumulate significant diver-
gence without recombinant genotypes and species being quickly present.
However, if one starts, say, with just two species diverged in all three ecological
and all three habitat preference characters, hybridization between them can
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rapidly result in six additional ecological species. The importance and plausi-
bility of this process will depend on the strength of selection for local adaptation
and the strength of non-random mating present prior to the hybridization
event. We have not yet explored these factors systematically.

Local adaptation and speciation

In our model, more (ecological) species typically means less local adaptation for
each individual species. This happens because more species implies more oppor-
tunities for hybridization, the consequence of which is locally deleterious gene
flow. The correlations between fitness and the number of ecological niches
filled and between fitness and the overall number of species present are con-
sistently negative and in many cases are statistically significant.

Stages of diversification

Simulations show that diversification in the model usually occurs in a particular
order. First, populations diverge in ecological traits; second, in habitat prefer-
ences; and, third, in mating characters. Unless there is a global extinction, the
first two steps are observed always and typically occur within several thousand
generations after the founders enter the new environment. The first two steps
are usually separated by several hundred generations but, rarely, occur one or
two thousand generations apart. The third step is not guaranteed. If it does
occur, it usually happens tens of thousands of generations after the first two
steps. Diversification in mating characters usually occurs in parallel in different
ecological niches. Only rarely do new ecological niches become colonized sig-
nificantly after the initial bout of diversification. In this case, most mating
characters quickly become represented in the new niche. Overall, diversifica-
tion occurs in pulses.

Discussion

Here, we have described an explicit genetic model of adaptive radiation driven
by selection for adaptation to discrete multivariate ecological niches. We have
shown that strong ecologically based spatially heterogeneous selection coupled
with limited migration, genetically based habitat choice and genetically based
mate choice can indeed result in rapid phenotypic and ecological diversification
and the emergence of multiple species reproductively isolated by a variety of
mechanisms (local adaptation, habitat and mating preferences).

In our model, ecological traits evolve faster, approach their optimum trait
values closer, and maintain less genetic variation at (stochastic) equilibrium
than the habitat preference traits. Mating preference traits evolve slower than
the other two sets of traits, maintain more genetic variation, and can fluctuate
dramatically in time. Mating preferences can diverge both between and within
species utilizing different ecological niches.
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Our earlier work (Gavrilets & Vose 2005) has already provided strong theoret-
ical support, clarification and explanation for a number of patterns of adaptive
radiation including the area effect, the overshooting effect and the least action
effect. It also suggested that diversification is strongly promoted if genetics
underlying the traits involved are simple and most speciation events occur
soon after colonization of a new environment while the rest occur mostly in
pulses. We also showed that species can stably maintain their divergence in a
large number of selected loci for very long, effectively infinite, periods of time in
spite of substantial hybridization and gene flow that removes differentiation in
neutral markers. The latter observation strongly supports the idea that genomes
can be rather porous (Feder 1998; Wu 2001). The new results presented here
support the generality of all these earlier conclusions.

Our new model shows that non-random mating can often evolve. With a non-
negligible probability, it can happen by mutation and random drift alone
(Gavrilets 2004). As expected, selection against hybridization dramatically
increases the likelihood of evolution of strong non-random mating. However,
there are a couple of underappreciated patterns. First, reproductive isolation is
almost never absolute, and some hybridization and gene flow are always hap-
pening. As a result, neutral alleles can pass between different species. Second,
this gene flow also results in sharing mating characters (especially during the
initial stages when non-random mating is not strong yet) and, less commonly,
ecological characters across species boundaries. These processes produce paral-
lel speciation when new mating characters get shared across different ecolog-
ical niches and/or new ecological characters get shared across different ‘sexual
morphs’. Third, these processes result in within-niche differentiation in mating
preference and in emergence of sister species. Fourth, the model demonstrates
that while ecological characters and habitat preference are rather stable in time,
traits involved in mating are very dynamic and often vary dramatically both in
time and in space. A related observation is that differentiation in mating char-
acters is often of more a continuous nature with clearly defined discrete morphs
not necessarily present.

Both the existing empirical data and theory show that genetic, ecological and
environmental details have profound effects on the dynamics of speciation and
diversification and that no universal rules of speciation exist. At the same time,
one should expect that some relatively common trends or tendencies of evolu-
tionary diversification in related groups of organisms can be identified. For
example, in birds of the New Guinea mountains the diversification with respect
to habitat elevation preceded diversification with respect to other character-
istics (Diamond 1986; Schluter 2000; but see Price 2008 for an alternative
interpretation). In some fishes, birds, and lizards, a common sequence of events
in evolutionary diversification is divergence, first, in habitat, then in food type,
and, finally, in mating signals (Streelman & Danley 2003). Earlier, analysis of
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various speciation models (Gavrilets 2004) has suggested that the following
sequence of diversification events should be typically observed: (1) divergence
with respect to macrohabitat, (2) evolution of microhabitat choice and diver-
gence with respect to microhabitat, (3) divergence with respect to ‘magic traits’
(i.e. traits that control simultaneously the degree of local adaptation and non-
random mating), and (4) divergence with respect to other traits controlling
survival and reproduction. The model studied here does not differentiate
between microhabitat and macrohabitat and does not include ‘magic traits’.
However, it does show that divergence in mating characters occurs much later
than divergence in traits that control adaptation to and preference for habitat
and, thus, provides partial support for the arguments above.

We note that some of the patterns discussed here have been identified pre-
viously in specific biological systems. However, the generality of these patterns
cannot be assured on the basis of single cases that are known currently.

The fact that we were able to reproduce these macroevolutionary patterns
starting with microevolutionary processes of mutation, random drift, migra-
tion, recombination and selection strongly support the generality of these
patterns. We expect that these patterns will be observed in most adaptive
radiations. Besides being able to capture the essence of adaptive radiation
qualitatively, the model studied here allows one to make some quantitative
conclusions on the important timescales of diversification, the number of
species likely to emerge, and the effects of various parameters.

Due to computing power limitations, we varied only a limited number of
parameters. Here we briefly discuss the expected effects of changing other
parameters and assumptions (see also Gavrilets 2004; Gavrilets & Vose 2005).
For the parameter values used here, no generalists ever survived competition
against specialists. Weaker selection for local adaptation may, however, result
in generalists being the most dominant type (see Gavrilets & Vose 2007;
Gavrilets et al. 2007). Reduced probability of leaving the patch will make diver-
gence slower (because selection against immigrants from diverged habitats will
be less effective). Assuming non-equal allelic effects will constrain divergence in
mating characters and result in fewer species (because the loci with smaller
effects will be less responsive to selection and, thus, will diverge to a smaller
degree). The loci with larger effects are expected to diverge first. Introducing
costs of being choosy will significantly reduce or completely prevent divergence
in mating characters. Linkage will result in differential genetic divergence
across parts of genome with genes closely linked to selected loci being more
differentiated than loosely linked genes. As a result, diverged genes will tend to
form clusters (Wu 2001; Emelianov et al. 2004; Gavrilets 2004). Allowing for
other forms of reproductive isolation (e.g. genetic incompatibilities) to evolve is
not expected to change dramatically the patterns discussed above because they
will evolve at much slower rates than ecological traits, habitat preferences and
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mating characters (Gavrilets 2004). We also note that assuming environmental
factors are distributed along gradients rather than randomly does not seem
to reduce neutral gene flow between emerging species (Gavrilets & Vose
unpublished).

The current explosive growth in empirical knowledge on different aspects of
speciation and adaptive radiation should soon make it possible to evaluate the
generality and relevance of the patterns identified here and test the predictions

made.
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