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Chapter 1
General Introduction
Diversity and complexity of life increases with time although there is no obvious reason
that natural selection favors evolution of diversity and complexity. Giving explanations
on the evolution of biological diversity has been one of the central issues of
evolutionary biology. It has been suggested that various biological interactions, as well
as environmental factors, can be important factors that drive evolution of diversity.
Organisms usually interact with both conspecific individuals and many other species.
These biological interactions exhibit high diversity including: intra- and inter-specific
resource competition, predator-prey interactions, parasite/pathogen-hosts interactions,
mutualistic interactions, interspecific hybridization, and interspecific mating
interference. One important aspect of these biological interactions is that they can vary
quantitatively and qualitatively in response to phenotypic or behavioral changes of
interacting partners. Organisms constantly change their phenotypes and behaviors to
adapt to their surrounding circumstances by learning, phenotypic plasticity, and
evolution. Given the universality of biological interactions, it is expected that biological
interactions and their variability can play important roles in evolution of diversity.
There are two important requirements for evolution and maintenance of
phenotypically diverse organisms: (i) multiple types of organisms can coexist without
causing competitive exclusion and (ii) potential phenotypic variation that is sufficient to
drive evolution is generated. Biological interactions can contribute to evolution of
diversity through affecting both of these two requirements.
It have been suggested that some biological interactions can cause negative
frequency dependent selection (NFDS) that promote evolution and maintenance of
organismal diversity. NFDS is a form of natural selection where rare phenotypes
become relatively advantageous to common phenotypes. Advantage of rarity prevents
exclusion of rare species or rare phenotypic variants within species, which facilitate
maintenance of diversity. (Rueffler et al. 2006; Gray & McKinnon 2006; Bond 2007).
Biological interaction can also be a source of phenotypic diversity. As is well
known, sexual reproduction can create phenotypic variation because it produces various
genotypes through chromosome assortment and recombination. Additionally, there is a
growing recognition that interspecific hybridization can seed large-scale variation in
phenotypes by producing individuals inheriting genes from multiple different parental
species (Seehausen 2004; Bell & Travis 2005; Abbott et al. 2013). Although effects of
interspecific mating have not received much attention in previous theories, it must play
1

important roles in adaptive radiations where a common ancestor species rapidly evolves
into multiple species that are usually reproductively compatible with one another.
Previous studies have focused on roles of several types of intra-and
inter-specific interactions and their variability in causing evolutionary diversifications.
Table 1 summarizes examples of biological interactions that can promote evolution of
diversity. Here I describe two biological interactions that have received much attention
in previous theoretical studies. First, intraspecific resource competition is a well-studied
biological interaction that can lead to evolutionary branching in traits for resource use
(Dieckmann & Doebeli 1999). When phenotypically similar individuals share similar
resources, common types will suffer stronger resource competition than rare types and
this drives invasion of novel types, promoting evolution of diversity. Second,
interspecific interactions between predators/parasites and their victims are regarded to
be a cause of co-evolutionary races that ultimately lead to their evolutionary
diversification (Thompson 2014; Yang et al. 2010). Predator-prey interactions between
visual predators and their prey also are regarded as the source of negative frequency
dependent selection that favors evolution and maintenance of polymorphism in prey
species (Bond 2007). This is because predators search their prey by using visual images
of prey that they have learned in past encounter. As a result, common types of prey that
are frequently learned by predators suffer stronger predation pressure than rare types,
which lead to evolution and maintenance of visual polymorphism in prey.
Although previous studies have expanded our recognition on evolutionary roles
of biological interactions, theoretical understandings on them are under developing.
Since the scope of past theoretical studies have been limited to several types of
relatively simple biological interactions, our current view on the role of flexible
biological interactions in evolution of diversity may be incomplete in two respects. First,
there is a lack of theoretical studies on the role of some important forms of biological
interactions, such as interspecific mating, in evolution of diversity. Second, many of
previous studies did not consider some complex aspects of biological interactions. For
example, many of previous studies on co-evolutionary processes in mutualistic systems
did not consider the existence of other types of interactions, such as parasitism or
predation. However in real systems, invasion of these antagonists is inevitable for
mutualistic systems. Additionally, previous studies tended to ignore complexities of
adaptive processes. For example, many evolutionary models ignored complexity in
genetic mechanisms for trait evolution. Also, incompleteness in learning process has
received only limited attention in previous theories. These potential complexities of
adaptive processes can have important consequences on evolution of diversity.
2

The goal of this thesis is to expand our understandings on the role of biological
interactions and their variability in causing evolution of diversity. In this purpose, I
study three evolutionary systems driven by potentially variable biological interactions.
In chapter 2, I study the co-evolution of phenology in plants-pollinator mutualism that is
invaded by predators of the pollinators. Adaptive evolution in plants and their
pollinators will result in synchronization of their phenology. However, phenological
synchronization of pollinators will then invite efficient predation by predators that have
evolved to synchronize with them. I ask how the joint action of mutualistic and
antagonistic biological interactions affects evolution of diversity in pollination
mutualism. Chapter 3 addresses flower color evolution in generalized food-deceptive
plants by focusing on the inaccuracy in flower color discrimination by pollinators.
Pollinators learn to avoid rewardless flowers of food-deceptive plants, and this drives
flower color evolution of deceptive plants to counter associative learning by pollinators
(Nilsson 1992; Gigord et al. 2001). When color discrimination by pollinators is not
accurate, avoidance learning on a specific flower color concurrently produce avoidance
for other different but similar flower colors. I focus on the role of pollinators’ learning
with inaccurate perception in determining evolutionary consequence of plant-pollinator
interaction in generalized food-deceptive plants. In chapter 4, I discuss the role of
interspecific hybridization in causing adaptive radiation. It has been argued that
hybridization acts against diversification by preventing speciation and by causing
outbreeding depression, which can lead to species extinctions. However, recently, there
is a growing recognition that interspecific hybridization may have promoted rapid
ecological diversification in several examples of adaptive radiations, because
hybridization can produces phenotypic variation by creating novel genotypes consisting
of genes from multiple different parental species (Seehausen 2004; Bell and Travis
2005). We examine the role of interspecific hybridization in causing adaptive radiation
by using an individual based model simulating adaptive radiations that occur in
secondary contact zone of hybridizing ancestral species.

3

Table 1.1: Examples of biological interactions that can promote evolution of diversity
Interaction type

Form of diversification

Intraspecific resource competition

Sympatric speciation

Intraspecific sexual conflict

Sexual selection

Predator-prey interaction

Parasite-host interaction

Plant-pollinator mutualism

Interspecific mating

Mechanisms
Negative frequency dependent
selection; Disruptive selection

References
Dieckmann & Doebeli 1999

Male color polymorphism

Negative frequency dependent

Sinervo & Lively 1996; Svensson et al. 2005;

Female color polymorphism

selection

Takahashi et al. 2010

Speciation

Disruptive selection

Geographic variation
Visual polymorphism of prey

Geographic variation

Geographic variation
Flower color polymorphism

Co-evolutionary race;
Negative frequency dependent
selection
Co-evolutionary race
Co-evolution; Pollinator shift;
Negative frequency dependent
selection

Higashi et al. 1999; Panhuis et al. 2001;
Wagner et al. 2012
Thompson 2014; Nosil & Crespi 2006; Bond
& Kamil2006; Bond 2007

Thompson 2014; Yang et al. 2010

Kiester et al 1984; Whittall & Hodges 2007;
Nilsson 1992; Gigord et al. 2001

Creation of hybrid species

Production of novel phenotypes via

Seehausen 2004; Bell and Travis 2005; Mallet

Adaptive radiation

genetic admixture

2008; Abbott et al. 2013; Nichols et al. 2015
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Chapter 2
Predation on pollinators promotes
co-evolutionary divergence in plant-pollinator mutualisms
2.1 Introduction
The astonishing diversity of plant-pollinator mutualisms has long attracted biologists
(Darwin 1862; Bascompte and Jordano 2007). Co-evolution of plants and pollinators
has been suggested as a mechanism driving diversification in both of these groups
(Dodd et al. 1999; Johnson 2006). Since specialization of pollinators to particular types
of plants could directly limit pollen transfer (and thus gene flow) within these plants,
reciprocal specialization in plant-pollinator mutualistic interactions could lead to their
co-speciation (Grant 1994; Coyne and Orr 2004; Elzinga et al. 2007). In support of this
view, a recent phylogenetic analysis suggests that animal-pollinated families of
angiosperms show greater diversity than their wind-pollinated sister families (Dodd et al.
1999; Kay et al. 2006).
Yet, plant-pollinator mutualisms do not usually occur alone without other
biological interactions. Plant-pollinator mutualisms are in many cases exploited by
antagonistic biological interactions, such as predation on pollinators and
non-mutualistic exploitation of nectar (Bronstein 1988; Dukas 2001; Yu 2001). A
growing body of theory suggests that such antagonistic interactions are fundamentally
important to understand ecology and evolution of plant-pollinator mutualisms. For
example, although classic theory suggested that self-reinforcing mutualistic interactions
tended to be unstable (May 1974), more recent analyses showed that mutualistic
interactions embedded in predator-prey interactions were stabilizing (Ringel et al. 1996;
Mougi and Kondoh 2012). Moreover, plant-pollinator mutualisms were thought to be
vulnerable to non-mutualistic exploiters of nectars (i.e., cheaters), but mathematical
models found feasible conditions for ecological and evolutionary coexistence of
mutualists and exploiters competing for floral resources (Jones et al. 2009, and
theoretical references therein). These studies indicate that antagonistic interactions can
play a key role in the origin and maintenance of plant and pollinator diversity.
Here I ask whether antagonistic biological interactions can drive diversification
of plant-pollinator mutualisms. As an antagonistic element, I consider predation on
pollinators. Predation can have strong impacts on various aspects of ecological
dynamics including prey behavior, population dynamics, community organization, and
ecosystem functioning (Kerfoot and Sih 1987; Estes et al. 2011). Although predation on
pollinators has not received strong attention historically, increasing evidence shows that
5

pollinators can suffer greatly from predation (Bronstein 1988; Dukas 2001), alter their
behavior in response to predation risk (Dukas and Morse 2003; Heiling and Herberstein
2004; Jones 2009, 2011), and that effects of predation through pollinators can cascade
down to affect plant fitness (Suttle 2003; Muñoz and Arroyo 2004; Knight et al. 2006;
Gonçalves-Souza et al. 2008). Moreover, many empirical (e.g., Vamosi 2005; Nosil and
Crespi 2006) and theoretical (Doebeli and Dieckmann 2000) studies suggest that
predators can drive sympatric and allopatric diversification of their prey. Thus, it is
expected that predation on pollinators can drive diversification of pollinators, and affect
co-evolutionary diversification in plant-pollinator interactions.
A number of mathematical and simulation models have studied diversification
of pollination systems (Kiester et al. 1984; Bhattacharyay and Drossel 2004; Doebeli
and Dieckmann 2000; Devaux and Lande 2008). However, many of these theories
focused exclusively on mutualistic interactions between plants and pollinators, without
taking into account their potential interactions with antagonists. A rare exception is a
game-theoretic model by Abbott (2010), which considered ambushing predators of
pollinators and explored evolution of floral phenotypes that either concealed or revealed
ambushing predators. The model demonstrated that floral polymorphism could evolve
with both concealing and revealing phenotypes coexisting in a single population.
The aim of this study is to examine theoretically whether and how predation on
pollinators facilitates co-evolutionary divergence in plant-pollinator mutualisms. In
particular, I study co-evolution of plant's blooming seasons and pollinator's active
seasons, and how it is affected by the evolution of predator’s active seasons. When the
phenotypes of plants and pollinators are well-matched, a mutualistic advantage is
conferred to both partners. However, the matching of predator's active seasons with
pollinator's active seasons is disadvantageous to pollinators, since predators feed on
pollinators occurring in the same season. Predation on pollinators may reduce plant
fitness indirectly by lowering seed set. Pollinators and plants may then evolve to avoid
the negative effects of predation by shifting their seasons earlier or later than the active
seasons of predators. When plants and pollinators jointly shifted their seasons in either
direction, co-evolutionary shift of the mutualism will occur. If such a co-evolutionary
shift occurs independently among different geographic locations, allopatric
co-speciation of a plant-pollinator mutualism will be observed. If, on the other hand,
plants and pollinators diversify their seasons in both directions to split their populations,
two distinct plant-pollinator pairs can be formed, leading to a sympatric co-speciation.
To examine the theoretical plausibility of this scenario, I develop an individual-based
computer simulation model describing a plant-pollinator system with ambushing
6

predators, in which co-evolution of plant's blooming season, and pollinator's and
predator's active season takes place. The model focuses on ambushing predators, such as
crab spiders, because much empirical evidence reports effects of ambushing predators
on pollinators and plants (Dukas & Morse 2003; Gonçalves-Souza et al. 2008; Heiling
& Herberstein 2011), but qualitative conclusions from the model should be relevant as
well for pursuit predators (see discussion). To evaluate the effects of predators on the
diversification of plants and pollinators, co-evolutionary dynamics of plants and
pollinators with and without predators were compared.

2.2 The model
Life history and genetics of organisms
The individual-based computer simulation model considered individuals of plants,
pollinators, and predators. All three types of organisms had an annual life-cycle with
non-overlapping generations. One generation took one year, and consisted of two
phases: interaction phase and reproduction phase. During the interaction phase,
pollination, predation, and mating took place. Each plant individual had a blooming
season for flowering, and each pollinator and predator individual had an active season
for pollination and foraging, respectively. In the reproduction phase, individuals
produced offspring and newly-produced offspring matured into adults.
The interaction phase was composed of T successive intervals (Fig. 2.1). A
blooming/active season was a subset of successive intervals, whose starting interval was
chosen from initial S + 1 intervals, where S determines the length of possible starting
intervals. The starting interval was a genetically determined trait. The model considers
diploid organisms with n diallelic loci. Alleles on these loci were either 0 or 1 (allele 0
and allele 1). The starting interval became delayed with more allele 1's on the n diallelic
loci. For instance, the starting interval of an individual having 7 allele 1's on the 2n loci
was the (7 × S/2n + 1)-th interval. If (7 × S/2n + 1) was not an integer, the value was
rounded down or up with the probability equal to its fractional portion. The length of
blooming/active seasons (i.e., the number of consecutive intervals) was L1 for plants, L2
for pollinators, and L3 for predators (Table 1). The total number of intervals in the
interaction phase, T, was chosen to cover all potential blooming/active seasons: T = S +
max{L1, L2, L3}. The model was implemented in Java language.
Pollination, predation, and mating
Pollination, predation, and mating took place in the following sequence in each interval.
At the beginning of an interval, the amounts of nectar and pollen in all blooming plants
7

were set to their initial values, and active predators chose blooming plants at random as
their ambushing places. When multiple predators happened to choose the same plant,
only one predator, selected randomly, was allowed to use the plant and the others
missed opportunities for predation in this interval. Then, active pollinators started to
visit flowers. All active pollinators had V potential opportunities to visit flowers in an
interval, but whether a visitation was successful depended on the population size of
blooming plants in this interval (N1). When the population size was greater than a given
size (N1 ≥ A1), a visitation was always successful. However, when the population size
was smaller (N1<A1), a visitation was successful with a probability, N1/A1. This took into
account that a pollinator might fail to find a blooming plant when the plant abundance
was low, and incorporated a form of Allee effects in plants.
Allee effects were incorporated also in pollinators and predators (see below),
because they were considered common in nature, especially in plants under pollen
limitation (Courchamp et al. 2009). Theoretically, Allee effects can either hinder or
facilitate population divergence. Allee effects could hamper the establishment of a
newly diverged subgroup at low density and act against population divergence (Zhou
and Zhang 2006), whereas Allee effects could facilitate segregation of diverged
subpopulations by eliminating individuals of intermediate phenotypes, aiding
divergence (Hopf and Hopf 1985; Noest 1997). My preliminary analysis suggested that
the negative impact of Allee effects on divergence was stronger in the model of this
study. Thus, by assuming Allee effect, I avoided potential overestimation of the
probability of speciation.
When a pollinator made a successful visit, a visited plant was chosen at random
from all blooming plants. Upon visiting a plant, a pollinator deposited a single pollen
grain onto the stigma with a fixed probability p, and collected ν grains of pollen. At the
same time, when nectar remained in the blooming plant (nectar could be fully exploited
by earlier visitors and become unavailable to late visitors), the pollinator gained a unit
amount of nectar from the plant. This introduced competition for nectar among active
pollinators within an interval. After a successful visitation, a pollinator lost a random ρ
percent of pollen (see Muchhala et al. 2010 for similar approach). Genotypes of all
grains of pollen transferred to each plant were recorded to determine genotypes of plant
offspring. If there was a predator ambushing on a visited plant, a pollinator might be
eaten by the predator with a probability α (α was inversely related to L3 to keep per
capita predation intensity constant across the whole active season).
Each interval after pollination, mating occurred in pollinators and predators.
Pollinators that had survived predation and gained at least one unit of nectar were
8

allowed to mate. A mating pollinator had M1 potential opportunities to find a mate.
When the number of mating pollinators (N2) was sufficiently large (N2 ≥ A2), a mating
pollinator always found a partner successfully. Yet when mating pollinators was low (N2
< A2), a pollinator could successfully find a mate with a probability N2/A2. A mating
partner was selected randomly from mating pollinators. Predators that had successfully
eaten at least one pollinator were allowed to mate. Like pollinators, a mating predator
had M2 opportunities to encounter a mating partner, and the probability of successful
mating was 1 when mating predators (N3) was sufficiently many (N3 ≥ A3), and N3/A3
otherwise (N3 < A3). These formulations for mating probabilities incorporated Allee
effects in pollinators and predators. After all mating, an interval was closed, and the
next interval started. Amounts of nectar and prey that pollinators and predators
consumed, and genotypes of their mating partners were recorded across their entire
active seasons, which determined the number and genotypes of their offsprings in the
reproduction phase.
Reproduction and offspring production
The reproduction phase occurred after the interaction phase. Each plant individual had
F1 ovules, which were fertilized by pollen received during its blooming season. A single
grain of pollen was selected randomly without replacement among all pollen grains on
stigma. When the number of pollen grains on stigma were fewer than the number of
ovules (F1), the number of available pollen grains constrained the number of ovules
fertilized. Offspring production by pollinators and predators were allowed to individuals
that had found at least one mating partner in the interaction phase. Offspring production
by pollinators depended on the total amount of collected nectar. Formally, the expected
number of offsprings that a pollinator individual produced was F2x/(x + λA), where x
was the amount of collected nectar, F2 was the maximum fecundity of an individual,
and λA was the half-saturation constant. Each pollinator attempted to produce one
offspring for F2 times and each attempt was successful with the probability x/(x + λA).
Similarly, offspring production by predators depended on the number of successful
predation, with the expected offspring number given as F3y/(y + λB), where y was the
number of successful predation, F3 was the maximum fecundity of an individual, and λB
was the half-saturation constant.
Upon offspring production, a parental gamete was assembled by choosing one
allele at each locus from the corresponding loci of parental chromosomes (i.e., free
recombination). Mutation ensued at each locus with a fixed mutation rate per genome,
which changed allele 0 to allele 1 or vice versa (at the same rate in both directions). I
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assumed that mutation rates were the same among all species. Two paternal gametes
made one offspring individual. All adult individuals died after offspring production.
Prior to maturation, newly produced individuals of plants and pollinators
experienced mortality due to intraspecific density-dependent competition. Plant survival
rate was given as 1/(1 + γ1 J1), where J1 was the plant population size before maturation
and γ1 was the strength of density dependence. Similarly, the survival rate of pollinators
was given as 1/(1 + γ2 J2), where J2 was the pollinator population size before maturation
and γ2 was the strength of density dependence. Fate of each new individual of plants and
pollinators was determined stochastically according to these survival rates. All newly
produced individuals of predators were allowed to mature; competition for ambushing
places and competition for pollinators regulated the predator population. The next
generation started with populations of mature individuals.
Simulations and initial conditions
Each simulation was run up to 500 generations. To examine the effect of predators,
evolutionary dynamics with and without predators were compared. In simulations with
predators, simulations started with plants and pollinators only, and 10 individuals of
predators were introduced at the 150th generation. Simulations without predators were
continued after the 150th generations without introducing predators. To prepare
populations at the beginning of each simulation, allelic values in each individual were
set randomly to 0 or 1. Thus, starting intervals of blooming/active seasons in initial
populations followed binomial distributions.
Categorization of co-evolutionary states
In simulations, co-evolution of plants and pollinators was monitored. Every generation
after the 150th generation, I categorized the shape of distributions of plant's blooming
seasons and pollinator's active seasons into four types: disjunct bimodal, continuous
bimodal, shifted unimodal, or centered unimodal. The interaction phase was divided
into three periods (Fig. 2.1). The early period was the initial [S + min(L1, L2)]/2 + 1
intervals (the fraction was rounded off). The central period was the five mid intervals
following the early period. The late period was the remaining intervals. Further, the
average number of individuals in each period was defined as the number of individuals
in each period divided by the number of intervals in this period. Using this framework,
disjunct bimodal was defined as a distribution with the central period having at least one
interval without any individuals and both early and late periods having some individuals.
Continuous bimodal was defined as a distribution with the central period having the
10

lowest average number of individuals but all of its intervals containing some individuals.
Shifted unimodal was a distribution with the early period having the highest average
number of individuals and the late period having none, or vice versa. Centered unimodal
was a distribution with the central period having the highest average number of
individuals.
Combinations of these different distributions in plants and pollinators were
used to categorize co-evolutionary states into four types: incipient co-speciation,
incomplete co-speciation, co-evolutionary shift, and no change. Incipient co-speciation
was defined as disjunct bimodal distributions in both plants and pollinators. Incomplete
co-speciation was defined as bimodal plant’s and pollinator’s distributions with either or
both continuous. Co-evolutionary shift was defined as both plants and pollinators
having shifted unimodal distributions toward the same side. No change included all
other combinations.
Evaluation of simulations
To examine effects of predation and parameters on co-evolutionary dynamics, I
determined a set of basal parameter values (Table 1), and perturbed parameter values
around the basal values. The basal values were chosen such that incipient co-speciation
or incomplete co-speciation occurred frequently. Perturbed parameters were lengths of
blooming/active seasons (L1, L2 and L3), length of the interaction phase (S), number of
loci (n), and the mutation rate per locus per generation (μ).
I considered that L1, L2, and L3 could be important parameters, because they
determined the degree of specialization in time regarding flowering, pollination,
predation, and mating. Since mating occurred only between individuals with
overlapping blooming/active seasons, L1, L2, and L3 might affect the strength of
assortative mating. Assortative mating is in general necessary for ecological sympatric
speciation to prevent a merger of diverged subgroups (Coyne and Orr 2004; Elzinga et
al. 2007). Thus, it was expected that L1, L2, and L3 could affect the possibility of
speciation in the model of this study.
Effects of the length of the interaction phase were also tested. I changed the
length of the interaction phase T by varying the parameter S independently from L1, L2,
and L3, because S determined T. I thought that the length of the interaction phase could
be an important parameter because it constrains divergent evolution of plant's and
pollinator's blooming/active seasons. Moreover, length of the interaction phase may
vary between different natural systems, for example, from the tropics to temperate
regions. Thus, effects of this parameter might have useful empirical implications.
11

The number of loci and the mutation rate can be important, because they
control the rate at which new phenotypes arise by mutation. Past models of ecological
speciation have shown that the number of loci responsible for a given phenotypic
change is an important parameter (Gavrilets 2004). I used 0.048 as the basal value of the
per-genome mutation rate. This value was based on empirical estimates (Sprague et al.
1960; Devaux and Lande 2008). However, this mutation rate translates into a relatively
high per-locus mutation rate when the number of loci in genome is low (3.0 × 10-3 for
diploids with eight trait-determining loci). Thus, I examined how the change of the
per-locus mutation rate affected the evolutionary dynamics of the model (3.0 × 10-7 to
3.0 × 10-2).
I conducted two series of simulations to test effects of predation and parameters.
The first series was to test effects of predation and the parameters: L1, L2, L3, and S. To
vary parameter values, I randomly and independently chose their values from discrete
uniform distributions. L1 and L2 were chosen as independent random integers from 3 to
11; L3 was a random integer from 3 to 20; S was a random even number from 4 to 48.
The ranges of L1 and L2 were smaller than that of L3 because preliminary analysis
confirmed that no divergence occurred beyond these ranges. To maintain a constant
allelic effect, I adjusted the number of loci such that n = S / 2. For each set of parameter
values of L1, L2, L3, and S, simulations with and without predators were performed. I
examined 46,000 parameter sets (total 92,000 runs) in the first series of simulations. The
second simulation series was to test effects of n and μ. All combinations of n = 6, 8, 10,
12, 14, 16 and μ = 3.0 × 10-7, -6, -5, -4, -3, -2 were examined. I ran 100 simulations for each
combination with and without predators (total 7,200 runs). For unchanged parameters,
the basal values were used in both series of simulations.
To evaluate effects of predation and parameters, I focused on simulations in
which incipient co-speciation, incomplete co-speciation, or co-evolutionary shift
occurred in more than 300 generations (85 % of generations) after the 150th generation.
I named such persisting cases of incipient co-speciation, incomplete co-speciation, and
co-evolutionary shift as sympatric co-speciation, co-divergent polymorphism, and
allopatric co-speciation, respectively. The probability of sympatric co-speciation,
co-divergent polymorphism, and allopatric co-speciation were compared between
simulations with and without predators in the first simulation series. I used Pearson's
chi-squared test to examine (1) whether predators had significant effect on relative
occurrence of sympatric co-speciation, co-divergent polymorphism, and allopatric
co-speciation, and then (2) whether predators had significant effect on occurrence of
each of the three types (after Bonferroni correction). To examine parameter dependence,
12

I compared the distributions of parameter values that were associated with sympatric
co-speciation, co-divergent polymorphism, and allopatric co-speciation both in the
presence and absence of predators. Since these parameter-dependence analyses targeted
only simulations showing sympatric co-speciation, co-divergent polymorphism, and
allopatric co-speciation, I performed a complementary regression-tree analysis targeting
all simulations. Regression-tree analysis is suited for exploratory analysis of complex
data with many explanatory variables having non-linear and/or high-order interacting
effects (Breiman et al. 1984; De'arth and Fabricius 2000), and thus may be useful for
analysis of simulation models (e.g., Esther et al. 2010; Gerst et al. 2013). This analysis
confirmed that conditions of L1, L2, L3, and S leading to sympatric co-speciation,
co-divergent polymorphism, and allopatric co-speciation were similar to those leading
to larger number of generations experiencing incipient co-speciation, incomplete
co-speciation, and co-evolutionary shift, respectively (Appendix).

2.3 Results
Predators had significant effects on co-evolutionary dynamics of plants and pollinators
(Fig. 2.2; χ2 = 1025.9, p < 0.01). Without predators only 9/46,000 (0.02%) simulations
showed sympatric co-speciation, but with predators sympatric co-speciation occurred in
603/46,000 (1.31%) simulations. Thus, predators boosted the probability of sympatric
co-speciation 67-fold (χ2 = 578.4, Bonferroni-corrected p < 0.01). On the other hand,
co-divergent polymorphism (i.e., intraspecific divergence without speciation) was
similarly frequent with and without predators (χ2 = 2.4, Bonferroni-corrected p = 0.36);
469/46,000 (1.02%) simulations without predators showed co-divergent polymorphism,
whereas 422/46,000 (0.92%) with predators. Allopatric co-speciation was observed
more frequently with predators (7,222/46,000, 15.7%) than without predators
(1,106/46,000, 2.4%; χ2 = 4937.0, Bonferroni-corrected p < 0.01).
Sympatric co-speciation with predators occurred frequently when lengths of
plant's blooming seasons and pollinator's active seasons (L1 and L2) were moderately
short, and those of predator's active seasons and the interaction phase (L3 and S) were
large enough (Fig. 2.3). In simulations, the introduction of predators quickly split
populations of plants and pollinators, but a split of the predator population did (Fig.
2.4A) or did not (Fig. 2.4B) follow. In other words, plant-pollinator co-speciation did
not necessarily require that predators split. Predators did not split when L3 was too large,
because large L3 made their active seasons overlap between diverging subpopulations. It
is conceivable that L1 and L2 needed to be short enough relative to S, so that pollination
seasons could be sufficiently separated (thus gene flow was prevented) between
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diverged pairs of plants and pollinators. L3 needed to be sufficiently large for sympatric
co-speciation, because small L3 made easy phenological escape of pollinators from
predation and a bimodal distribution of pollinators was not stably maintained. Small L3
tended to cause cyclic co-evolution of pollinators and predators (Fig. 2.4C) or allopatric
co-speciation (see below). Although extremely rare, sympatric co-speciation without
predators occurred when both L1 and L2 were small and S was intermediate (Fig. 2.3).
Predators caused no difference in the probability of co-divergent polymorphism,
but parameter conditions were different with and without predators. Small L1, L2, and S
favored co-divergent polymorphism without predators, but co-divergent polymorphism
with predators tended to occur when their values were larger (Fig. 2.3). These different
conditions were because different evolutionary dynamics led to co-divergent
polymorphism with and without predators. Without predators, co-divergence of plants
and pollinators proceeded gradually from the onset of simulations because small L1 and
L2 caused strict assortative mating (Fig. 2.4D). With predators, co-divergence occurred
after predator introduction without leading to sympatric co-speciation (Fig. 2.4E). The
reason why co-divergence, instead of co-speciation, occurred was because L1 and L2
were too large relative to S. Indeed, L1 and L2 were larger and S smaller when
co-divergent polymorphism occurred than when sympatric co-speciation occurred (Fig.
2.3). Large L1 and L2 relative to small S made difficult complete segregation of diverged
subpopulations of plants and pollinators, causing polymorphism rather than speciation.
Predators relaxed the parameter conditions for allopatric co-speciation.
Allopatric co-speciation occurred more frequently across wider ranges of L1, L2, and S
with predators than without predators (Fig. 2.3). When allopatric co-speciation occurred
without predators, phenology of plants and pollinators drifted gradually from the
beginning of simulations and stayed either side of the interaction phase for a long time
(Fig. 2.4F). With predators, allopatric co-speciation occurred soon after predator
introduction, driven by directional phenological escape of pollinators from predation
(Fig. 2.4G). Alternatively, introduced predators initially caused bimodal divergence of
plants and pollinators, and then either subgroup of plants and pollinators went extinct,
resulting in allopatric co-speciation (Fig. 2.4H). Allopatric co-speciation with predators
occurred across the whole range of L3 examined, and more frequently with smaller L3
(Fig. 2.3). Allopatric co-speciation was increased with small L3 because, as explained
above, small L3 made difficult pollinator's bimodal distribution to be stably maintained.
Number of loci (n) and the mutation rate per locus (μ) also affected
co-evolutionary dynamics with and without predators. When n was small, sympatric
co-speciation was the most frequent irrespective of predator's presence (Fig. 2.5).
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Higher mutation rates favored co-divergent polymorphism rather than sympatric or
allopatric co-speciation (Fig. 2.5), because this breaks apart allelic combinations that
underlie extreme traits.

2.4 Discussion
Plant-pollinator mutualisms are commonly associated with antagonistic interactions,
such as predation on pollinators and non-mutualistic exploitation of nectar (Bronstein
1988; Dukas 2001; Yu 2001). However, past evolutionary theories have scarcely
incorporated such antagonistic interactions to explain the astonishing diversity of plants
and pollinators. To explore influences of such antagonistic interactions on
diversification in plant-pollinator mutualisms, I developed an individual-based
simulation model that examined whether and how predation on pollinators altered
co-evolutionary diversification of plant’s blooming seasons and pollinator’s active
seasons. Simulation results showed that antagonistic interactions can significantly
promote co-evolutionary diversification in plant-pollinator mutualisms. Predation on
pollinators increased the probability of sympatric co-speciation of plants and pollinators,
and that of directional allopatric co-speciation. Below I discuss theoretical mechanisms
underlying predation-driven divergence of plant-pollinator mutualisms, and potential
empirical and conceptual implications of simulation results.
Mechanisms of Predation-Driven Plant-Pollinator Co-speciation
Without invoking predation on pollinators, several mechanisms have been proposed to
promote parallel divergence of plants and pollinators. The model by Bhattacharyay and
Drossel (2004), hereafter the BD model, assumed among-pollinator competition for
flower resources and among-plant competition for pollinators. Both types of
competition can cause negative-frequency-dependent disruptive selection, which is
considered to promote trait divergence (Rueffler et al. 2006). The BD model found that
parallel trait divergence of flowers and pollinators could occur, although trait divergence
was weak in plants. This is probably because assortative mating in plants was mediated
indirectly via pollinator behavior while assortative mating in pollinators was based on
their own trait similarity. Unlike the BD model, the model of this study without
predators, which involved both types of competition, found that the bimodality of
plant's blooming seasons could become as strong as that of pollinator's active seasons
(Fig. 2.2a). This difference is most likely because assortative mating in plants in the
model of this study was based on blooming seasons, and thus stronger than that in the
BD model. In addition, taking into account that assortative mating alone can cause trait
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segregation and sympatric speciation (Kondrashov and Shpak 1998; Devaux and Lande
2008), assortative mating in terms of blooming/active seasons is another importance
force to split plant's and pollinator's populations in the model of this study. Thus, a
combination of plant competition, pollinator competition, and assortative mating
contributed to promote co-evolutionary trait divergence of plants and pollinators in the
model of this study without predators. Disentangling the relative importance of these
evolutionary forces would be a challenge for future research. I note that the model of
this study did not assume any other types of frequency-dependent competition. This
differs from previous models (Doebeli and Dieckmann 2000; Bhattacharyay and
Drossel 2004) in which among-plant (or among-pollinator) competition for resources
other than pollinators (flowers) was a major driving force of plant-pollinator divergence.
The mechanism by which predation enhances diversification of prey has been
theoretically explored. Doebeli and Deckmann (2000) modeled predator-prey
co-evolutionary dynamics of their trait matching, with high matching entailing efficient
predation. In this model, predator traits evolved to match the most common prey traits,
which induced negatively frequency-dependent, disruptive selection on prey traits, and
resulted in prey speciation. Similarly, in the model of this study, active seasons of
predators tended to match the intervals when many pollinators were active. This
selected against those pollinators, and favored minor pollinators that were active when
many others were not active. This invoked negative frequency-dependent selection on
pollinators and caused disruptive selection.
Empirical and Conceptual Implications
Parameter dependence of the model generates several empirical implications about
where and when predation-driven co-divergence of a plant-pollinator mutualism could
occur. First, sympatric co-speciation was frequent when plants have short blooming
seasons (small L1) and pollinators have short active seasons (small L2) and when
predators occur for long seasons (large L3). In nature, these conditions can be met when
generalist predators attack a specialized plant-pollinator mutualism. For example, ants
as generalist predators can attack fig-fig wasp mutualisms (Schatz and Hossaert-McKey
2003). Considering that their mutualism requires rather tight phenological matching
(Weiblen 2002), fig-fig wasp interactions, when attacked by generalist predators, can be
potential candidates for predation-driven co-speciation. Another possible candidate
might be the case where generalist alien predators attack specialized mutualisms
between native plants and native pollinators. There is a concern that introduced
generalist predators might decrease native pollinators essential for pollinating native
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specialized plants, and could thus drive their extinction (Traveset and Richardson 2006).
Aside from potential extinction, simulation results suggest that attacked native
mutualists might evolve to escape from alien predators phenologically. Thus, generalist
alien predators might not only drive cascading extinction of native mutualists, but could
alternatively act as an evolutionary force to promote their divergence.
Second, sympatric and allopatric co-speciation was more likely when the
interaction phase was longer (large S). This means that the probability of co-speciation
may be high in regions where favorable seasons for pollination are long, such as in
tropics where some species flower continually throughout the year (Newstrom and
Frankie 1994). On the other hand, it is expected that co-speciation may be low in
regions with short seasons for pollination, such as in alpine ecosystems where short
snow-free periods limit potential flowering seasons strictly (Kudo 1991).
Third, predation substantially increased the probability of allopatric
co-speciation. Moreover, allopatric co-speciation was much more frequent and not
restricted by L2 or L3, compared with sympatric co-speciation with predators. This
means that, although sympatric co-speciation may be unlikely for specialist predators
(with small L3) attacking specialized plant-pollinator mutualisms, allopatric
co-speciation could occur even in such a case. It is expected that predation-driven
allopatric co-speciation may be widely common across a variety of systems.
Although the model of this study focused on phenological divergence and
ambush predation, similar mechanisms may work on non-phenological traits and with
general antagonistic interactions. Floral color, morphology, or scent may also co-evolve
with pollinator's preference, and concealing color/morphology might evolve in
ambushing predators to capture pollinators efficiently (Fenster et al. 2004).
Predation-driven co-evolution of plants and pollinators could occur on diurnal blooming
timing of plants, which might co-evolve with pollinator's and predator's diurnal active
periods (Coyne and Orr 2004). In such cases, however, evolution of reproductive
isolation would depend on whether assortative mating could occur within diverging
subpopulations. If traits responsible for co-evolutionary specialization in plants and
pollinators act as "magic traits" (Gavrilets 2004) that also facilitate assortative mating
(as blooming/active seasons in the model of this study), it would promote their
co-speciation.
The model by Abbott (2010) is a first theoretical work that explicitly
considered plant-pollinator-ambushing predator interactions. This model showed that a
dimorphic plant population could evolve with floral phenotypes either concealing or
revealing predators. Yet this did not result in co-speciation of mutualists, because the
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model did not allow divergence of pollinator's preference. This result (although not
addressing divergence) and results of the present study both emphasize that in theory
predators can have significant impacts on evolution of plant-pollinator mutualisms.
Apart from ambush predation, various pursuit predators of pollinators have
been reported, such as ants, wasps, dragonflies, and birds (Bronstein 1988; Dukas 2001).
When pursuit predators share similar phenology with a target plant-pollinator
mutualism, or even when they use any specific cues to detect a target mutualism,
evolutionary mechanisms similar to the model of this study could drive plant-pollinator
co-divergence. The results that L3 could be larger than L2 for plant-pollinator
co-speciation to occur (i.e., predators were not necessarily phenological specialists of
pollinators) imply that such pursuit predators could be generalists feeding on prey other
than target pollinators.
Furthermore, although the model of this study focused on predation on
pollinators, other types of antagonistic interactions associated with plant-pollinator
mutualisms, such as non-mutualistic exploitation of floral resource, could drive
plant-pollinator co-divergence. If the matching traits of plants and pollinators are
polymorphic and exploiters tend to target common types, such traits can be subject to
negative frequency-dependent, disruptive selection and might diverge to co-speciation.
Growing empirical evidence demonstrates associations of antagonistic
interactions with plant-pollinator mutualisms (Bronstein 1988; Dukas 2001; Yu 2001),
and results of the present study suggested that predation could promote plant-pollinator
co-speciation. Taken together, these findings suggest that predation/exploitation-driven
co-speciation of plant-pollinator mutualisms is not unlikely. Greater appreciation of
antagonistic interactions associated with plant-pollinator mutualism may provide a key
for better understanding of the evolution of diverse plant-pollinator interactions.
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2.5 Appendix
Regression-Tree Analysis on the Number of Generations Experiencing Incipient
Co-speciation, Incomplete Co-speciation, and Co-evolutionary Shift
To complement the parameter-dependence analysis in the main text, I performed a
regression-tree analysis. While the analysis in the main text focused on simulations in
which sympatric co-speciation, co-divergent polymorphism, and allopatric co-speciation
(i.e., long-lasting incipient co-speciation, incomplete co-speciation, and co-evolutionary
shift, respectively) occurred, the regression-tree analysis targeted all the 92,000
simulations conducted. The dependent variable was the number of generations in which
each co-evolutionary state was realized, and explanatory variables are the
presence/absence of predators, L1, L2, L3, and S. The regression-tree analysis assumes
that the dependent variable at each node follows normal distribution with equal variance,
while the number of generations (the dependent variable of the analysis) has a defined
range (from 0 to 350). Thus, I logit-transformed the ratio of the number of generations
to the maximum number of generations (Qian 2010). The regression-tree analysis used
rpart package version 4.1-1 (Therneau et al. 2013) on R version 3.0.0 (R Core Team,
2013). The complexity parameter was set to 0.01 (the default).
I obtained the regression-tree model for incipient co-speciation that had eight
nodes (Fig. 2.6, cross-validation error = 0.59). The largest expected number of
generations that experienced incipient co-speciation in a simulation without predators
was small (0.4), which was predicted to occur when L1< 6.5. In a simulation with
predators, the largest expected number was greater (86.0), and predicted to occur when
3.5 ≤ L1< 6.5, 4.5 ≤ L2< 8.5, L3 ≥ 7.5, and S ≥ 19. The model for incomplete
co-speciation had 17 nodes (Fig. 2.7, cross-validation error = 0.65). Without predators,
the largest number of generations realizing incomplete co-speciation was expected to be
134.8 when L1< 5.5, 3.5 ≤ L2< 7.5, and S< 29. With predators, the largest expected
number was 66.7, which was expected to occur when 7.5 ≤ L1< 8.5, L3 ≥ 13.5, and S ≥
27. Finally, the model for co-evolutionary shift had nine nodes (Fig. 2.8,
cross-validation error = 0.33). The largest expected number of generations experiencing
co-evolutionary shift without predators was 250.1, for which parameter conditions were
L1< 3.5 and S ≥ 27. The model predicted that the largest number of generations with
predators was 296.4 when L1< 4.5 and S ≥ 9. These results of the regression-tree
analysis were consistent with the parameter dependence of the main text described for
sympatric co-speciation, co-divergent polymorphism, and allopatric co-speciation.
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2.6 Tables
Table 2.1: Parameters and the basal values
Definition

Symbol

Basal
value

Length of plant’s blooming season
Length of pollinator’s active season
Length of predator’s active season
Length of possible starting intervals
Length of the interaction phase

L1
L2
L3
S
T

6
6
10
20
30

Number of loci
Mutation rate per locus
Strength of density dependence in plant population regulation

n
μ
γ1

8
3.0×10-3
1.0×10-3

γ2

4.0×10-5

V

20

p
ν

0.5
10

ρ

20

α

0.02

A1

100

A2
A3
M1
M2
F1
F2
F3

100
20
10
10
20
5
4

Strength of density dependence in pollinator population
regulation
Number of flower visiting opportunities of an individual
pollinator
Probability of pollen deposition per visit
Number of pollen grains collected by a pollinator per one visit
Percent of pollen grains lost from pollinator body after each
flower visit
Probability of successful predation
Population size threshold for blooming plants to avoid Allee
effects
Population size threshold for pollinators to avoid Allee effects
Population size threshold for predators to avoid Alee effects
Number of mating opportunities of an individual pollinator
Number of mating opportunities of an individual predator
Number of ovules
Maximum fecundity of pollinators
Maximum fecundity of predators

Half saturation constant of the amount of nectar for
λA
pollinator’s fecundity
Half saturation constant of the number of predation for
λB
predator’s fecundity

20

30
5

2.7 Figure legends and figures
Figure 2.1: Structure of the interaction phase. The interaction phase had T successive
intervals. Starting intervals of individual blooming/active season were one of initial S +
1 intervals. L1, L2 and L3 were lengths of plant's booming season, pollinator's active
season, and predator's active season, respectively. Ecological interactions (pollination,
predation, and mating) occurred between individuals using the same intervals.
Figure 2.2: Proportions of sympatric co-speciation, co-divergent polymorphism, and
allopatric co-speciation with and without predators. These proportions are those of
simulations attaining either of the three outcomes out of 46,000 simulations in the
presence or absence of predators. 46,000 sets of parameter values were chosen by
varying L1, L2, L3, and S randomly and independently across the ranges described in the
text while fixing other parameters at their basal values (Table 2.1). For each parameter
set, simulations were run with and without predators. An asterisk indicates a significant
difference between the proportions (chi-squared test with Bonferroni correction).
Figure 2.3: Distributions of L1, L2, L3, and S in the simulations in which sympatric
co-speciation, co-divergent polymorphism, or allopatric co-speciation occurred with or
without predators. The proportions are the number of simulations under respective
parameter values divided by the total number (denoted as Ntot in each panel) of
simulations attaining either of the three outcomes with or without predators. Diagrams
with white and grey bars correspond to the cases without and with predators,
respectively. The range of perturbed parameters (L1, L2, L3, and S) are in the text. Other
parameters were set to the basal values (Table 2.1).
Figure 2.4: Examples of evolutionary dynamics. Different shades of gray in the
diagrams of plants, pollinators, and predators represent the number of individuals in
each interval (darker shades indicate more individuals). Different shades of gray in the
diagrams of co-evolutionary state represent different states (see the bottommost panel).
(A) Sympatric co-speciation with predators (L1=4, L2=5, L3=11, S=28). (B) Sympatric
co-speciation with predators (L1=4, L2=4, L3=13, S=16). (C) Cyclic co-evolution (no
change) with predators (L1=8, L2=8, L3=8, S=30). (D) Co-divergent polymorphism
without predators (L1=3, L2=5, S=16). (E) Co-divergent polymorphism without
predators (L1=5, L2=5, L3=11, S=14). (F) Allopatric co-speciation without predators
(L1=3, L2=3, S=36). (G) Allopatric co-speciation with predators (L1=3, L2=11, L3=3,
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S=16). (H) Allopatric co-speciation with predators (L1=5, L2=11, L3=11, S=28). Other
parameters were set to the basal values (Table 2.1), except n set to S/2.
Figure 2.5: Distributions of n and μ in the simulations in which sympatric co-speciation,
co-divergent polymorphism, or allopatric co-speciation occurred with or without
predators. The proportions are the number of simulations under respective parameter
values divided by the total number (denoted as Ntot in each panel) of simulations
attaining either of the three outcomes with or without predators. Diagrams with white
and grey bars correspond to the cases without and with predators, respectively. The
range of perturbed parameters (n and μ) are in the text. Other parameters were set to the
basal values (Table 2.1).
Figure 2.6: Regression-tree model for incipient co-speciation. The number of
generations in which incipient co-speciation occurs in a simulation was predicted given
the presence/absence of predators and different combinations of parameter values.
Numbers in single and double boxes are the largest expected number of generations
without and with predators, respectively.
Figure 2.7: Regression-tree model for incomplete co-speciation. The number of
generations in which incomplete co-speciation occurs in a simulation was predicted
given the presence/absence of predators and different combinations of parameter values.
Numbers in single and double boxes are the largest expected number of generations
without and with predators, respectively.
Figure 2.8: Regression-tree model for co-evolutionary shift. The number of generations
in which co-evolutionary shift occurs in a simulation was predicted given the
presence/absence of predators and different combinations of parameter values. Numbers
in single and double boxes are the largest expected number of generations without and
with predators, respectively.
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Chapter 3
Inaccurate color discrimination by pollinators promotes
evolution of discrete color polymorphism in food-deceptive flowers
3.1 Introduction
Angiosperm is known for its diverse and elaborate pollination strategies. A conspicuous
instance of such strategies is deceptive pollination, widespread in Orchidaceae (Nilsson
1992; Jersáková et al. 2006a; Renner 2006; Ackerman et al. 2011). Plants employing
deceptive pollination produce rewardless flowers that bear colors, shapes, and/or odors
to attract pollinator animals but do not provide visiting pollinators with any reward (e.g.,
nectar) (Renner 2006). To deceptively attract pollinators, plants use various strategies
(Cozzolino and Widmer 2005; Schiestl 2005; Jersáková et al. 2006a). The most
common strategy is food-deception (Jersáková et al. 2006a), in which plants attract
pollinator animals by presenting rewardless flowers mimicking those with rewards
(Nilsson 1992; Cozzolino and Widmer 2005; Renner 2006). Most of food-deceptive
species have generalized floral features to exploit pollinators’ preference and bloom in
periods when newly emerged, inexperienced pollinators are available (Nilsson 1992),
whereas some mimic a specific rewarding plant (Jersáková et al. 2006a; Renner 2006;
Ackerman et al. 2011).
Many generalized food-deceptive plants exhibit intra-population variation in
floral traits, such as colors, shapes, and odors (Heinrich 1975; Nilsson 1992; Ackerman
et al. 2011) (table 1). Discrete or continuous varieties of these traits can be found within
a single population. A food-deceptive orchid, Dactylorhiza sambucina, blooms either
yellow or purple flowers, representing a case of discrete color polymorphism (Nilsson
1980; Gigord et al. 2001). On the other hand, a food-deceptive orchid, Psychilis
monensis, exhibit continuous flower-color variation from pale pink to deep purple
(Aragón and Ackerman 2004).
Negative frequency-dependent selection (NFDS) is a general evolutionary
mechanism that causes a fitness advantage for rare phenotypes and acts to maintain
phenotype polymorphisms (Bond 2007). In the evolution of generalized food-deceptive
plants, NFDS, driven by pollinators that learn association between reward availability
and floral characteristics, has been considered to play a role in maintaining
intra-population floral polymorphism (Smithson and Macnair 1997; Gigord et al. 2001).
Consider pollinators visiting a polymorphic population of rewardless flowers. If
multiple varieties occur in different frequencies within this population, pollinators that
visit flowers randomly would encounter commoner varieties more often. As a result,
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pollinators would learn more rapidly commoner varieties as rewardless flowers, and
would avoid visiting them. This generates a disadvantage for commoner variants, and
favors minor varieties by giving them higher per capita probabilities to be visited.
This NFDS mechanism alone, however, is not sufficient to explain why some
polymorphisms are discrete while others are continuous. In theory, the NFDS
mechanism should favor evolutionary invasion of novel rare varieties. Thus, unless
genetic variation for such mutants is limiting, the number of varieties should only
increase and continuous polymorphisms would evolve. This is to say that discrete
polymorphism in food-deceptive plants is maintained by some constraints to genetic
variation. However, invoking such constraints might not always be valid, considering
that there are many cases of continuous polymorphisms within and between populations
of food-deceptive flowers (Luo and Chen 1999; Koivisto et al. 2002; Aragón and
Ackerman 2004).
One important factor that is not considered in the current NFDS argument
about generalized food-deceptive plants is inaccuracy of pollinator’s discrimination
among flower varieties. An implicit assumption in this argument is that flower varieties
are sufficiently dissimilar to one another so that pollinators can discriminate them
accurately. However, a number of experiments demonstrated failures in training
pollinators to discriminate between similar colors (Dyer and Chittka 2004; Dyer 2006;
Chittka 2009; Avargues-Weber and Giurfa 2014). In addition, successful Batesian floral
mimicry in nature (Jersáková et al. 2006a) provides the collateral evidence of
pollinators not discriminating among similar flowers. In the evolution of floral
phenotypes, inaccuracy of pollinator’s discrimination among similar flowers can play an
important role, because pollinators as a selective agent may or may not recognize a
novel yet subtle floral variant depending on the degree of inaccuracy in their
discrimination.
Here I propose a novel explanation for evolution of discrete polymorphism in
food-deceptive flowers without invoking genetic constraints to variant production, and
test its theoretical feasibility with an individual-based evolutionary simulation model. I
elaborate the NFDS mechanism by allowing small variation of flower traits and
considering inaccuracy of pollinator’s discrimination on similar flower varieties. In this
study, I employ a natural assumption that inaccuracy of discrimination increases with
increasing the similarity between flower varieties (Dyer and Chittka 2004; Dyer 2006).
Such inaccuracy of discrimination would impose a disadvantage on minor varieties
similar to a common variety, because pollinators that have learnt this common variety as
rewardless would confuse the similar minor varieties with the common variety and
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collectively avoid them. As a result, only varieties that are dissimilar enough can be
distinguished by pollinators, and thus benefit when rare through the NFDS mechanism.
This would facilitate the coexistence of dissimilar varieties, and make the
polymorphism discrete. In testing this idea with evolutionary simulations, I focus on
flower color polymorphism, and employ realistic parameter values obtained from
empirical literature on pollinator’s color discrimination ability (Dyer 2006).

3.2 Methods
The individual-based model
In this study, I use an individual-based computer simulation model because the question
addressed in this study requires formulating the dynamics of flower-color evolution
driven by complex ecological interactions involving floral phenotypic and genetic
variation among plant individuals and the learning processes of pollinator individuals.
At every time step of a simulation, plant individuals produce one rewardless flower, and
pollinators visit flowers and transfer pollen among flowers. The model considers flower
color as a genetic trait that evolves. For simplicity, it was assumed that no difference in
the cost of producing flowers of different colors other than pollinator attraction. The
pollinator is assumed to have a constant population size. In the course of flower
visitation, pollinators learn the flower color of food-deceptive plants to avoid future
visits to rewardless flowers. This avoidance learning generates differences in pollination
success among plant individuals of different colors, and drives the evolution of flower
colors. The model was implemented in Java language.
Flower colors are represented by scalar values ranging from - xmax to xmax.
Flower color is controlled by one diploid locus with multiple alleles. Each allele carries
two characteristic values, c and w. The value c expresses the phenotypic effect of each
allele, and w determines the strength of this phenotypic effect. Two alleles on the locus
jointly determine the flower color, x, of an individual plant, according to:

(3.1)

where c1 and c2 are the phenotypic effects of the two alleles; w1 and w2 are the strength
of respective phenotypic effects; and N (0, σe) is a random normal variable with mean
zero and variance σe2, representing environmental effects on phenotypes. Relative
magnitude of w1 and w2 determines the dominant-recessive relationship of the
phenotypic effects; the expected phenotype approaches c1 (or c2) as w1 becomes larger
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(smaller) than w2. New alleles arise through mutations on existing alleles. A single
mutation changes the values of both c and w by the amount drawn from a normal
distribution N (0, σm), where σm controls the magnitude of the mutational effects. This
genetic system, used in a previous study (Van Dooren 1999), permits the evolution of
dominant-recessive relationships among multiple alleles. I adopt this system to remove
restrictions on possible phenotype distributions. Consider a population housing only
alleles with either cX or cY phenotypic effect. If cX and cY additively determine a
phenotype and their dominant-recessive relationship does not evolve, heterozygotes of
cX and cY alleles will always produce the same intermediate phenotype, resulting in a
population phenotype distribution with three peaks including this intermediate type.
With evolvable dominance-recessive relationships, however, such heterozygotes can
show a range of phenotypes from cX to cY depending on what values of wX and wY
evolve. This permits a bimodal distribution with two extreme phenotypes if either allele
having cX or cY becomes dominant.
The model simulates evolutionary dynamics of flower colors. A single time
step of a simulation consists of the pollination phase and the reproduction phase. During
the pollination phase, a total of M pollinator individuals visit flowers. Each pollinator
individual has m potential opportunities to visit flowers. Upon every flower-visiting
opportunity, one flower is selected randomly from all flowers and presented to the
pollinator. The pollinator decides whether to visit or reject the flower. In the latter case,
another flower is presented to the pollinator and this is repeated a maximum of S times.
If all S flowers are rejected, the pollinator does not visit any flower during this visiting
opportunity. When the pollinator selects to visit a flower, pollen deposition from the
pollinator to the stigma occurs first, and then pollen grains are transferred from the
anthers to pollinator's body. A single pollinator carries a maximum of two pollen grains.
Each of pollen grains on pollinator's body has a fixed probability, q, of being transferred
to a flower. One pollen grain is transferred to a pollinator carrying no pollen. If a
pollinator carries one grain, one pollen grain is transferred to the pollinator with a fixed
probability, p. This pollen-transfer scheme is adopted from a previous behavioral model
of pollinators visiting food-deceptive orchids (Ferdy et al. 1998).
Pollinator’s decision to visit or reject a presented flower depends on their
memory association between rewardlessness and flower color. Pollinator’s memory at
the τ-th visiting opportunity is modeled as a set of probabilities that a pollinator rejects a
flower of color x, Pτ(x). Before starting flower visitations (τ = 1), P1(x) is set to a basal
level, Pbase(x), which represents pollinator's innate preference bias for flower colors.
Such pollinator’s innate preference was suggested to affect the color frequencies of
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flower color polymorphism (Gigord et al. 2001). Innate bias is modeled as Pbase(x) =
bx/xmax + |b|, where xmax determines the upper and lower bounds of the floral trait values
and b is the strength of preference bias. If b is positive (or negative), pollinators have an
innate preference for larger (smaller) values of flower color. When b = 0, no innate bias
is assumed; Pbase(x) = 0. I confirmed that moderate innate preference, while causing
deviations in color frequencies, did not alter evolutionary dynamics qualitatively (Fig.
3.9).
After each visitation opportunity, the rejection probabilities of a pollinator are
updated for the next opportunity (τ = 2, …, m) according to the following rule:
Pτ (x) = Pτ-1(x) – φ{Pτ-1(x) – Pbase(x)} + α(1 - f (x, y)).

(3.2)

This rule describes that the rejection probabilities are reduced by loss of memory, and
raised by pollinator’s previous experience. To incorporate memory loss, it is assumed
that Pτ(x) declines toward the basal level Pbase(x) with the rate φ. An increase of Pτ(x)
due to previous experience occurs after the pollinator visits a rewardless flower of color
x, because memory association between the color x and its rewardlessness is formed. An
increase occurs also after visiting a rewardless flower of color y, if y is similar to x so
that the pollinator cannot distinguish them perfectly. To formulate such inaccurate
discrimination between two colors x and y, the following function is used:

(3.3)

where the parameter σ controls pollinator's discrimination ability with smaller σ
entailing higher ability. This function is employed because it fits to the empirical data
(see below). Note that this simplified formulation neglected greater details of real
pollinator's perception, such as heterogeneous discrimination efficiencies across
different colors and effects of co-occurring rewarding flowers (Avargues-Weber &
Giurfa 2014). The function f(x, y) is a monotonically increasing function of the color
difference. The value of f(x, y) is 0 when the two colors are the same, and approaches 1
as the difference increases. Using this function, the probability of rejecting color x is
raised by α(1 - f(x, y)), where α is the learning speed of pollinators (larger α represents
higher learning ability). When Pτ(x) exceeds 1, it is set to 1 (Pτ(x) is kept above Pbase(x)
by setting φ < 1). If a pollinator does not visit a flower on the previous flower-visiting
opportunity, Pτ(x) = Pτ-1(x) – φ{Pτ-1(x) – Pbase(x)}.
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To simulate flower-color evolution with realistic parameter values, I consider
that a trait value of flower color, x, represents a point on a line segment in the color
hexagon (Chittka 1992). Thus, this line segment is the trait space of flower colors in the
model. The segment length is set to 0.43 with x ranging from xmin = -0.215 to xmax =
0.215. This length was adapted from food-deceptive orchids, D. sambucina, and their
bumble bee pollinators, Bombus terrestris. This system was chosen because D.
sambucina exhibits within-population polymorphism with distinct two flower colors
(Gigord et al. 2001), and bumblebees are known as major pollinators of D. sambucina
and many other generalized food-deceptive orchids (Salzmann and Schiestl 2007;
Dormont et al. 2009). The segment length of 0.43 was calculated as the Euclidean
distance of the two extreme flower colors of D. sambucina in the color hexagon. The
calculation followed the formula in Dyer and Chittka (2004), which required the
spectral reflection function of the two colors (data from figure 2 of Gigord et al. 2001),
the spectral sensitivity of UV, blue, and green photoreceptors of B. terrestris (data from
figure 5b of Peitsch et al. 1992), the spectral distribution of solar illuminant at the
ground level (data from http://rredc.nrel.gov/solar/spectra/am1.5/), and background
stimulus (assumed as green, data from figure 1B of Dyer and Chittka 2004). To
implement Pτ (x) in the simulation model, the trait space of length 0.43 was discretized
into 43 intervals of equal length. Considering flower colors as points on a line segment
in the color hexagon allows defining the distance of two different colors, x and y, in a
way that this distance determines the discrimination accuracy of pollinators according to
the above function f(x, y). This function is fitted to the discrimination accuracy data of B.
terrestris (Dyer 2006) to obtain an estimate of σ (appendix 1, Fig. 3.5).
After the pollination phase, the reproduction phase ensues in which new plant
individuals are produced. Each plant individual has Z ovules. Each ovule is fertilized by
a pollen grain selected randomly from all grains received on the stigma. When the
number of pollen grains is smaller than the number of ovules, the number of pollen
grains limits plant's fecundity. One allele is randomly selected from two parental alleles
on the diploid locus to form a gamete in an ovule or in a pollen grain. At gamete
production, a mutation occurs with a fixed probability μ per allele. A pair of an ovule
and a pollen grain determines the genotypes of a newly produced plant individual. After
offspring production, each adult plant individual dies with a fixed probability d. Newly
produced individuals survive intraspecific density-dependent competition for resources
other than pollinators, to become adults. The density-dependent survival rate is defined
as 1/(1 + γN), where N is the number of newly produced individuals and γ is the strength
of density-dependent competition.
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Basal parameter values and initial conditions
Parameter values of σ, p, q, and xmax were determined from empirical data as described
above. The default values of pollinator’s learning speed (α = 0.2) and the memory loss
rate (φ = 0.1) were chosen to represent a moderate speed of memory formation, and I
conducted the sensitivity analysis of these parameters (see below). The basal values of
the mutation rate μ and the mutational effect σm were 10-4 and 0.06, respectively. No
innate preference (b = 0) was assumed by default, and added subsidiary simulations to
check the effects of innate bias (Figs. 3.6c, d, 3.9a). The basal values of other
parameters (M = 40, m = 60, Z = 50, d = 1, γ = 2.5×10−3; Table 3.2) were chosen to set
the plant population size at adequate levels. If a population is too small, the number of
mutations is limited and evolution does not occur, whereas computational power limits
the simulation of too large a population.
Each simulation was started with a population consisting of 200 individuals.
By default, all initial individuals have alleles of c = 0 and w = 0.1, and form a
monomorphic population bearing the middle flower color. Deviation from this initial
condition did not affect simulation results (Fig. 3.9f). Simulations were run up to 8,000
time steps.
Model analysis
I explored the parameter dependence of evolutionary outcomes. Of particular interest
were in the effects of the parameters determining pollinators’ learning process (σ, α, φ)
from the following two reasons. First, these parameters may strongly affect evolutionary
outcomes because they control pollinators’ preference, the main agent of natural
selection on flower colors in the model of this study. Second, values of these parameters
may differ among pollinator taxa (Schaefer et al. 2004), and can be variable even within
a single pollinator species. For example, a major pollinator of food-deceptive orchids, B.
terrestris, exhibits substantial inter-colony variation of learning speed (α) (Raine et al.
2006; Raine and Chittka 2008). In addition to these parameters, the effect of the
mutational effect σm was explored, because it would affect the rates of evolution. For the
parameter dependence analysis, I investigated how these parameters modified the
influences of the color discrimination ability σ; namely, I examined the interacting
effects of (i) σ and α, (ii) σ and φ, and (iii) σ and σm. As for the other parameters (b, μ, M,
s, and γ), additional sensitivity analysis were performed by perturbing each parameter
separately from their basal values. I replicated 54 simulation runs for each parameter set.
Ranges of parameter values examined are listed in table 3.2.
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Evolutionary dynamics were sorted into five categories according to the
number of flower colors evolved at the end of simulation: (i) two discrete colors; (ii)
three discrete colors; (iii) four or five discrete colors; (iv) continuous color variation;
and (v) no diversification. To categorize flower color distribution, the number of
discrete clusters in the trait space of flower colors was counted. A cluster was
distinguished as a set of successive colors that is not interrupted by the absence of
intermediate colors. Full details of categorization are in appendix 2.
To evaluate natural selection acting on flower colors, pollinator’s preference for
a given flower color was quantified. I calculated the mean preference of each pollinator
for color x as
–
(i.e., the average probability that a pollinator
accepts a flower of color x at a flower visitation). I then took the average of mean
preference for color x across all M pollinators. The average preference for every color
was recorded each time step.

3.3 Results
Inaccurate color discrimination by pollinators drove the evolution of discrete
polymorphism in food-deceptive flowers. Fig. 3.1 exemplifies evolutionary dynamics
leading to a polymorphism of three discrete colors. During early time steps (up to ~ 500
steps), an initially monomorphic plant population with a middle flower color split
pollinator’s preference toward both ends of the trait space, because pollinators learned
to avoid the middle color as rewardless (fig. 3.1b). This set up a selection regime in
which flowers expressing colors deviated from the common middle color were more
favored by pollinators, and thus had higher fitness. After about 500 time steps,
mutations arose that had novel phenotypic effects, and invaded into the population,
forming a discrete polymorphism of three colors (~ 500 – 1,500 steps). These three
colors corresponded to two homozygotic and one heterozygotic phenotypes of two
alleles having different phenotypic effects. In this evolutionary phase, individuals of the
heterozygotic color were twice as many as those of either of the homozygotic colors.
Individuals of the heterozygotic color experienced low pollination success because they
were the most abundant and thus learned by pollinators as rewardless most quickly. In
the next evolutionary phase (around the 1,500 step), the ratio of the number of
individuals having the three colors was adjusted evolutionarily to be 1: 1: 1 so that
individuals of different colors had the same fitness. This shift of flower color ratio was
caused by the invasion of recessive alleles that coded for an extreme flower color (large
or small value of c) but with a weaker phenotypic effect (smaller value of w);
coexistence of dominant and recessive alleles coding for the same extreme flower color
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enabled the 1: 1: 1 ratio. After the three discrete flower colors arose (after ~ 1,000 steps),
pollinator’s preference started to diversify. Given these three colors, pollinators
disfavored most strongly two intermediate colors in between the three existent colors,
because pollinator’s color discrimination was inaccurate. When an intermediate color
was sufficiently similar to (so that pollinators could confuse it with) both of its
neighboring colors, the intermediate color would receive twofold collateral unpopularity
from pollinators who had learned to avoid these neighboring colors. The diversification
of pollinator’s preference prevented any mutant colors from invading the population,
and halted the evolutionary dynamics at equilibrium. Similar evolutionary dynamics
were found when pollinators had innate preference bias for flower colors (b = 0.2, Fig.
3.6c). In these cases, however, frequencies of the evolved three colors were biased
toward the direction of innate preference.
Different numbers of discrete colors evolved depending on parameter values.
The number of discrete colors ranged from one to five, or a continuous polymorphism
evolved. Fig. 3.2 (in addition to Fig. 3.1) shows examples of evolutionary dynamics
leading to polymorphisms with different numbers of colors.
The number of flower colors evolved depended on pollinator’s abilities to
discriminate similar colors (σ) and to learn the association between colors and
rewardlessness (α). Fig. 3.3 summarizes the effects of pollinator’s color discrimination
ability (σ) and learning speed (α). When pollinators had no ability to learn flower colors
(α = 0), flower color did not diversify. With some learning ability (α ≥ 0.05), the
discrimination ability strongly controlled the number of dissimilar colors evolved.
Higher discrimination ability (lower σ values) tended to favor the evolution of more
colors. With high learning ability and low discrimination ability, diversification was
unlikely (the upper right region in Fig. 3.3). This is explained by multiple mechanisms.
High learning ability made pollinators so choosy that it lowered plant’s population size
(due to overall reduction in visitation rates). Low discrimination ability could only allow,
if any, the evolution of polymorphism of very dissimilar colors. Low population size of
plants made it difficult to supply a sufficient number of mutations necessary for the
evolution of very dissimilar colors.
The possibility of evolutionary diversification was also affected by the speed of
memory loss (φ). The number of discrete colors evolved tended to decrease with larger
φ, although the effect of the discrimination ability (σ) had stronger influences.
Evolutionary diversification was difficult when the memory loss rate was high and color
discrimination ability was low (the upper right region of Fig. 3.7), because natural
selection acting on subtle color variations became weak.
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Other parameters can affect evolutionary outcomes. In particular, the
mutational effect (σm) was influential (Fig. 3.8). This is simply because with low
mutational effects, phenotypic variations cannot be generated within the observed time
steps of simulations (diversification might be possible after an enormous number of
time steps, which would require very long computational time). Other parameters did
not have strong influences in determining the number of flower colors evolved (Fig.
3.9).
3.4 Discussion
To explore the evolutionary causes of discrete flower-color polymorphisms in
food-deceptive plants, I developed and analyzed an individual-based evolutionary
simulation model that incorporated inaccurate color discrimination by pollinators. The
parameter-dependence analysis found that the degree of inaccuracy in color
discrimination by pollinators (σ) most strongly affected the number of discrete flower
colors evolved. Other parameters, including the learning speed (α), the rate of memory
loss (φ), and the magnitude of mutational effect (σm), largely determined whether or not
floral color diversification occurred, and their ranges allowing floral color
diversification were rather large. Within the ranges of these parameters that allowed
color diversification, the discrimination parameter σ determined the number of discrete
colors evolved, with lower accuracy (large σ) favoring a few number of discrete colors
and higher accuracy (small σ) resulting in many discrete colors. When I used a realistic
value of the color discrimination parameter (σ) estimated from the pollination system of
a rewardless orchid (D. sambucina) and its bumble bee pollinators, the model typically
predicted the evolution of two or three discrete colors. This accords with the empirical
observation: D. sambucina has dimorphic flower colors (Nilsson 1980; Gigord et al.
2001), and flowers of a congener D. romana show a discrete polymorphism of three
colors (Salzmann and Schiestl 2007). These results suggest that inaccurate color
discrimination by pollinators may be the key factor determining the number of discrete
colors evolved in the flower color polymorphism of food-deceptive plants.
Disruptive selection is the mechanism that caused polymorphism in the model
of this study. Disruptive selection is a form of natural selection where fitness of
intermediate traits is lowered compared to that of more extreme traits. In general,
disruptive selection in combination with NFDS has been regarded as a major
mechanism of evolutionary diversification including speciation and the evolution of
trait polymorphism and sexual dimorphism (Dieckmann and Doebeli 1999; Coyne and
Orr 2004; Rueffler et al. 2006). In the model, inaccurate color discrimination of
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pollinators causes disruptive selection on flower color distributions. Suppose that there
are three similar flower colors in a population (Fig. 3.4). If pollinators cannot
discriminate these colors perfectly, intermediate colors will be most frequently
associated with rewardlessness by pollinators. This reduces pollinator’s visitation on
intermediate colors, and lowers their pollination success. This disruptive selection
eliminates intermediate colors and facilitates invasions of more extreme colors into the
population until discrete colors become sufficiently dissimilar.
By focusing on the mechanism by which inaccurate discrimination by
pollinators affects the evolution of discrete color polymorphisms in food-deceptive
plants, the model of this study omitted a number of biological realisms that could
potentially affect flower color evolution in these plants. For example, the abundance of
food-deceptive plants, the co-occurrence of other rewarding plants, and the spatial
distribution of flowers as pollinator's resource patches may have intertwined
consequences on flower color evolution in food-deceptive plants. A behavioral model of
pollinators utilizing patches of deceptive and rewarding plants found that greater floral
varieties in a food-deceptive plant within patches could increase the mean reproductive
success of the deceptive plant (Ferdy et al. 1998). Greater reproductive success might
increase the abundance of the deceptive plant relative to the abundance of other
rewarding plants within patches, which could in turn lower patch quality evaluation by
pollinators with learning capabilities. Thus, food-deceptive plants with multiple floral
varieties might suffer from low or little pollinator visitation, in which case
monomorphic generalized food-deceptive plants could be favored rather than the
evolution of polymorphism. Another potential consequence could be that deceptive
plants might evolve monomorphic Batesian mimicry when co-occurring with rewarding
plants (Gumbert and Kunze 2001; Johnson et al. 2003; Peter and Johnson 2008; Juillet
et al. 2010).
Simulation results of the present study may predict that, whereas
food-deceptive flowers with discrete polymorphism are likely to be associated with
pollinators with relatively inaccurate discrimination, deceptive plants showing
continuous polymorphism will be associated with pollinators having relatively accurate
discrimination. In nature, some food-deceptive plant species show continuous, rather
than discrete, flower color variation (table 3.1). However, these continuous
polymorphisms might not be explained by highly accurate discrimination of associated
pollinators, because such high levels of accuracy are beyond that of bumble bees, which
serve as common pollinators of many food-deceptive plants (Jersáková et al. 2009).
Rather, I suggest that continuous floral polymorphism in food-deceptive plants might
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actually be a result of diffuse selection imposed on flower colors by multiple pollinators
having different innate preferences. Alternatively, if flower color is a quantitative trait
determined by multiple additive loci, within-population genetic mixing would produce
intermediate colors between those selectively favored by inaccurate learning of
pollinators, which would tend to make color polymorphism continuous.
Genetics underlying flower colors have yet to be fully understood, but evidence
exists that a few mutations of a large effect caused a major change of floral traits
(Schemske and Bradshaw 1999; Hoballah et al. 2007). Such major-gene effects could
facilitate the flower color polymorphism of food-deceptive plants. Simulation results
showed that large mutational effects (σm) make the evolution of polymorphism easier,
because mutants of novel flower colors must be dissimilar enough from resident colors
to be distinguished by pollinators and to invade into the population (Fig. 3.8). More
research on flower color genetics would improve our mechanistic understanding on the
evolution of flower color polymorphism in food-deceptive plants.
The model of this study may make a useful implication to help solve a debate
regarding the action of NFDS in empirical systems of polymorphic food-deceptive
plants. Among empirical studies, some demonstrated NFDS (Smithson and Macnair
1997; Gigord et al. 2001), but others failed to find evidence of NFDS (Pellegrino et al.
2005; Ackerman and Carromero 2005; Jersáková et al. 2006b). To look into this
inconsistency, we conducted additional analysis of the model (Fig. 3.6). I examined the
correlation between the frequencies and pollination success of different flower colors to
detect NFDS. It is expected that the correlation to be negative as flower color
frequencies fluctuated around their equilibrium values. Simulations showed that the
correlation tended to be negative but temporally variable near zero, taking even positive
values at times. Distinct negative correlations could be observed during early phases of
evolutionary dynamics before flower color frequencies reached evolutionary
equilibrium, and when flower color frequencies were perturbed away from their
equilibrium levels. This outcome is reasonable because the individual fitness of flowers
of different colors should be equivalent at evolutionary equilibrium. This result appears
to mirror empirical results. In empirical research, the elevated pollination success of
minor flower colors was demonstrated when large perturbations were added to flower
color frequencies in artificial populations (Smithson and Macnair 1997; Gigord et al.
2001), whereas flower colors of lower frequencies did not necessarily enjoy higher
pollination success in natural field populations, presumably at their evolutionary
equilibria (Pellegrino et al. 2005; Ackerman and Carromero 2005; Jersáková et al.
2006b).
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Predictions of the model of this study can be applicable to the evolution of
floral traits other than colors, such as odors and morphologies, of food-deceptive plants.
If pollinators have inaccurate discrimination among odor or morphological variations,
discrete odor or morphological polymorphism might evolve. Moreover, combinational
use of multiple floral signals may improve the accuracy of pollinator’s discrimination
(e.g. combination of floral color and odor; Kunze and Gumbert 2001). According to
simulation results, greater accuracy might likely contribute to increase the number of
polymorphic floral morphs. I suggest that degree of inaccuracy of pollinator’s
discrimination is fundamentally important to understand the evolution of floral
polymorphisms in food-deceptive plants.
Finally, results of the present study have broader theoretical implications
beyond the evolution of discrete polymorphism of food-deceptive flowers. For example,
females of a damselfly show discrete color polymorphism, which is believed to be
maintained by NFDS caused by male sexual harassment (Svensson et al. 2005;
Takahashi et al. 2010). Sexual harassment is conducted by males learning females by
their colors. If males cannot discriminate similar colors, harassment will cause
disruptive selection on female color morphs, and promotes the evolution of discrete
color polymorphism. Another example might be the color polymorphism of prey species
maintained by negative frequency-dependent predation. If prey search by predators
relies on visual color images acquired through previous encounters, predation would
cause NFDS on prey color morphs (Bond 2007). If predators do not accurately
discriminate different prey color morphs, NFDS on prey color morphs would exert
disruptive selection on color-morph distributions. I suggest that NFDS caused by animal
behaviors with imperfect perception, through invoking disruptive selection, can be an
important general mechanism for the evolution of discrete trait polymorphism.
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3.6 Appendix 1
Parameter estimation of pollinator’s color discrimination ability
An experiment by Dyer (2006) provided the original data to estimate the parameter (σ)
of color discrimination ability by pollinators. The experiment conditioned individual
bees (Bombus terrestris) to a target color, and then presented the target color as well as a
different color of some distance away from the target color. The data consisted of the
color distance between the target and non-target colors (the horizontal axis of fig. 3.5)
and the probability of correct choices by pollinators (the right vertical axis). The data
was obtained by image analysis of figure 2 (A) of Dyer (2006). To estimate σ of the
function f(x, y), the function was fitted to the data by considering the color distance as |x
- y|, and 2×[probability of correct choice] - 1 as the functional value of f(x, y). The
estimated parameter value was σ = 0.09. Fig. 3.5 shows the fit function with original
data.

3.7 Appendix 2
Categorization of polymorphism
To evaluate the evolution of flower color polymorphism, the distribution of flower
colors was categorized into five categories at the end of each simulation (at the 12,000th
time step). For categorization, I derived three indices from the color distribution: the
standard deviation (SD) of the distribution, the total number of existing colors (NEC),
and the number of discrete clusters of flower colors (NDC). The trait space of flower
colors was divided into 43 intervals. SD was calculated in the standard way. NEC is the
number of intervals that have at least one individual. To count NDC, I defined a cluster
of flower colors as a set of successive intervals having at least one individual. A cluster
to which at least 5% of total plant individuals belong was counted into NDC. Using
these indices, the following five categories were defined:
(i) two discrete colors (SD > 0.1, NEC ≤ 25, NDC = 2)
(ii) three discrete colors (SD > 0.1, NEC ≤ 25, NDC = 3)
(iii) four or five discrete colors (SD > 0.1, NEC ≤ 25, NDC = 4 or 5)
(iv) continuous color variation (SD > 0.1, NEC > 25)
(v) no diversification (SD ≤ 0.1)
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3.8 Tables
Table 3.1: Examples of within-population polymorphism of flower traits in generalized
food-deceptive plants
Flower Polymorphism
trait

Species

Reference

Color

Dactylorhiza
sambucina

Nilsson 1980;

Yellow or purple

Gigord et al. 2001
Color

Pink or white

Bletia patula

Ackerman and Carromero
2005

Color

Yellow, orange, or red

Dactylorhiza
romana

Salzmann
2007

Color

Four to five discrete colors, Thelymitra
or several mixed colors
epipactoides

Color

Continuous
variation Psychilis monensis Aragón and Ackerman
ranging from pale pink to
2004
deep purple

Color

Continuous
variation Dactylorihiza
ranging from dark red maculata
through pink to white

Koivisto et al. 2002

Color

Continuous
variation Hemipilia
ranging from deep purple to flabellata
snow white

Luo and Chen 1999

Odor

Continuous variation

Salzmann et al. 2007b

Odor

Qualitative and quantitative Orchis mascula, Salzmann et al. 2007a
variation in floral scent Orchis pauciflora
compounds

Shape

Continuous variation

Anacamptis morio

Tolumnia
variegata
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and Schiestl

Cropper and Calder 1990

Ackerman
Galarza-Perez 1991

and

Table 3.2: Model parameters

Basal
value

Parameter
values
for
parameter-dependence
analysis
(range [increment], or
values)

Degree
of
inaccuracy
of
σ
pollinator’s color discrimination

0.09

0.01 - 0.17 [0.01]

Learning rate of pollinators

α

0.2

0 - 0.7 [0.05]

Memory loss rate of pollinators

φ

0.1

0 - 0.8 [0.1]

Innate
bias
in
pollinator’s
b
preference for flower colors

0

-0.2 - 0.2 [0.2]

Mutation rate of plant alleles

μ

10−4

10-5, 10-4, 10-3

Mutational effect on flower color

σm

0.06

0.01 - 0.1 [0.01]

Environmental effects on flower
σe
color

10−2

-

Number of pollinators

M

40

20, 40, 80

Number of visiting opportunities of
m
a pollinator

60

-

Maximum number of
presented during one
opportunity of pollinators

flowers
visiting s

20

5, 20, 80

Probability that a pollinator carries
p
a second pollen grain

0.6

-

Probability of pollen deposition

q

0.5

-

Number of ovules of a plant

Z

50

-

Symb
ol

Definition

Strength of density dependence in
plant population regulation
γ

2.5×10

0.5×10−3,
12.5×10−3

Death rate of adult plants

1

-

−3

d

46

2.5×10−3,

3.9 Figure legends and figures
Figure 3.1: Typical evolutionary dynamics to a polymorphism of three discrete colors.
(a) Evolution of flower colors. Depth of gray represents the number of individuals
having corresponding flower colors (the deeper, the more individuals). (b) Distribution
of the average of pollinator’s mean preference across all pollinators. Depth of gray
represents the average probability that a pollinator accepts a flower of corresponding
color at a flower visitation (the deeper, the higher probability). Parameters were set at
the basal values in the table 3.2.
Figure 3.2: Examples of evolutionary dynamics to flower color polymorphism. Depth
of gray represents the number of individuals having corresponding flower colors (the
deeper, the more individuals). (a) Evolutionary dynamics to two discrete flower colors
(σ = 0.15). (b) Evolutionary dynamics to four discrete flower colors (σ = 0.065). (c)
Evolutionary dynamics to five discrete flower colors (σ = 0.06). (d) Evolutionary
dynamics to continuous flower color variation (σ = 0.01). Parameters other than σ were
set to the basal values in the table 3.2.
Figure 3.3: Effects of the inaccuracy of color discrimination (σ) and the learning rate
(α) of pollinators on the evolution of flower color polymorphism. The color of each
square represents the most frequent evolutionary outcome among 54 simulation
replications under each set of parameter values (black: two discrete colors, dark gray:
three discrete colors, gray: four/five discrete colors, light gray: continuous color
variation, and white: no diversification). Parameters other than σ and α were set to the
basal values in the table 3.2.
Figure 3.4: Disruptive selection on flower colors caused by pollinator’s inaccurate
discrimination. (a) Consider three flowers of different colors (white, gray, and black),
and a pollinator with inaccurate discrimination visiting each flower in turn. Left, upon
visiting the white flower and receiving no reward, the inaccurate pollinator learns that
not only the white but also the gray flowers can be rewardless. Middle, after visiting the
gray flower without being rewarded, the inaccurate pollinator learns that the white and
the black, as well as the gray, flowers can have no reward. Right, the visit on the black
flower makes the pollinator learn that the black and the gray flowers can be rewardless.
(b) After the three visits, the pollinator accumulates the strongest association of
rewardlessness with the gray flower.
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Figure 3.5: The relationship between color distance and pollinator's accuracy of color
discrimination. The horizontal axis is the distance between two flower colors. The left
vertical axis is the accuracy of color discrimination by a pollinator. The right vertical
axis is the probability that a pollinator chooses the target color correctly from a different
color. Lines show shapes of the function of pollinator’s accuracy of color discrimination,
f (x, y). Solid line: σ = 0.09, dashed line: σ = 0.15, and dotted line: σ = 0.03.
Figure 3.6: Negative frequency-dependent selection in the evolution of discrete color
polymorphism. The action of NFDS in simulations was monitored by the correlation
between the frequencies and pollination successes of flower colors (Spearman's rank
correlation). Strong negative correlations was observed when flower color frequencies
were deviated largely from their equilibrium levels, for example, at initial phases of
simulations, and after the addition of a large perturbation. The perturbation involved
removal of individuals having small flower-color values (x < -0.15) at random with a
probability of 0.7 from the 9,900th to the 10,100th time steps. After a perturbation,
correlation diminished swiftly as color frequencies returned to equilibrium levels.
Uneven equilibrium frequencies of different colors weakened the correlation. (a, b) An
example of the dynamics of color frequencies (a) and correlation coefficient (b) with the
basal parameter values. (c, d) An example of the dynamics with pollinator’s innate bias
(b = 0.2, other parameters were at the basal values). The innate bias favored uneven
equilibrium frequencies of different colors. Uneven equilibrium frequencies reduced the
magnitude of color-frequency fluctuations around the equilibrium, which reduced the
strength of correlations. In (a, c), depth of gray represents the number of individuals
having corresponding flower colors (the deeper, the more individuals).
Figure 3.7: Effects of the inaccuracy of color discrimination (σ) and the memory loss
rate (φ) of pollinators on the evolution of flower color polymorphism. The color of each
square represents the most frequent evolutionary outcome among 54 simulation
replications under each set of parameter values (black: two discrete colors, dark gray:
three discrete colors, gray: four/five discrete colors, light gray: continuous color
variation, and white: no diversification). Parameters other than σ and α were set to the
basal values in table 3.2.
Figure 3.8: Effects of the inaccuracy of color discrimination of pollinators (σ) and the
mutational effect (σm) on the evolution of flower color polymorphism. The color of each
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square represents the most frequent evolutionary outcome among 54 simulation
replications under each set of parameter values (black: two discrete colors, dark gray:
three discrete colors, gray: four/five discrete colors, light gray: continuous color
variation, and white: no diversification). Parameters other than σ and α were set to the
basal values in table 3.2.
Figure 3.9: Effects of parameter values and initial conditions on flower color evolution
in food-deceptive plants. Panels show parameter dependence analysis of (a) pollinator’s
innate bias b, (b) the mutation rate μ, (c) the number of pollinators M, (d) the maximum
number of flowers presented during one visiting opportunity of pollinators s, (e) the
strength of density dependence in plant population regulation. γ. The panel (f) shows the
effect of two alternative initial conditions where the initial population bearing an
extreme flower color: all individuals have the allele with phenotypic effect cini = ± 0.2.
The color of stacked bars represents the evolutionary outcome among 54 simulation
replications under each set of parameter values (black: two discrete colors, dark gray:
three discrete colors, gray: four/five discrete colors, light gray: continuous color
variation, and white: no diversification). Fixed parameters were set to the basal values
in table 3.2.
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Chapter 4
Roles of hybridization and magic traits in causing adaptive radiation
4.1 Introduction
In adaptive radiation, many ecologically diverse species evolve from a common
ancestor in a relatively short term (Schluter 2000). Past studies revealed that adaptive
radiation typically occurs in the face of ecological opportunities that favor adaptation
into various vacant ecological niches (Schluter 2000; Gavrilets and Losos 2009).
Adaptive diversification in ecological niches will result in adaptive radiation through
ecological speciation where species multiplication occurs in response to ecological
diversification. A long-standing question has been how diverse phenotypes evolve to
utilize various ecological niches.
Recently, there is a growing recognition that interspecific hybridization can seed
rapid diversification of ecological phenotypes, which will facilitate adaptive radiation
(Seehausen 2004; Bell and Travis 2005; Mallet 2008; Abbott et al. 2013). Indeed, pieces
of evidence of past hybridization events have been found in several major examples of
adaptive radiations from molecular data (Seehausen 2004). Hybridization can drive
phenotypic diversification by producing individuals inheriting genes from multiple
different parental species. These hybrids can have not only intermediate but also
transgressive phenotypes that are more extreme than either of parental species
(Rieseberg et al. 2003; Bell and Travis 2005; Nichols et al. 2014). Additionally, if the
parental species differ along multiple different trait axes, hybridization will produce
varieties of combinations of parental phenotypes. For example, hybrid individuals can
have the phenotype of one parental species in one trait and that of another parental
species in another trait. Creation of novel phenotypic variations will elevate the chance
of invasion into various unutilized ecological niches, although most of novel hybrid
phenotypes will be maladaptive. Moreover, back-cross mating between hybrid and
parental species can cause introgression of genes between the two parental species.
Recent molecular evidence strongly suggests that introgression of genes with important
phenotypic effects have facilitated adaptive radiation in Heliconius butterflies (The
Heliconius Genome Consortium 2012) and Darwin’s finches (Lamichhaney et al. 2015).
Diversification of ecological traits via hybridization will readily cause adaptive
radiation if those ecological traits act as “magic traits”. Adaptive radiation by definition
requires not only ecological diversification but also the increase of the number of
species, which necessitates development of reproductive isolations among species.
Evolutionary processes in which reproductive isolation develops with ecological
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differentiation are called as ecological speciation and regarded as the central mechanism
of species multiplication in adaptive radiation (Schluter 2000). One typical mode of
ecological speciation is that reproductive isolation develops as a byproduct of ecological
differentiation between incipient species. In other words, if differentiation in ecological
traits contributes to develop reproductive isolation, ecological diversification will lead
to species multiplication. Such a trait that contributes to both ecological divergence and
reproductive isolation is a major form of “magic trait” (Gavrilets 2004; Servedio et al.
2011). Magic trait provides a strong mechanism by which evolution in response to
ecological selection pressure can lead to speciation and is suggested to be common in
nature (Servedio et al. 2011).
Although co-action of interspecific hybridization and ecological speciation with
magic traits may cause adaptive radiation, these two mechanisms can also cause
different outcomes. For instance, facilitation of ecological diversification may not be the
only possible outcome of hybridization. It has been suggested that hybridization may
also diminish species richness by breaking down genetic differentiation between species
and causing speciation reversal (Seehausen et al. 2007). Similarly, hybridization
between incipient species in the course of ecological differentiation will make
completion of speciation difficult (Seehausen et al. 2007). Moreover, hybridization may
break down genetic combinations that have adapted to specific ecological niches of
species, which will lead to outbreeding depression. This can ultimately cause species
extinctions (Rhymer and Simberloff 1996).
Magic traits, as well as hybridization, can have effects different from facilitation of
adaptive radiation depending on the mechanisms by which they contribute to
reproductive isolation. First, magic traits will limit mating between ecologically
dissimilar species by developing reproductive isolation between them and this may
prevent ecological diversification via interspecific hybridization. Second, it has been
suggested that magic traits may inhibit ecological diversification when reproductive
process causes stabilizing selection on them (Kirkpatrick and Nuismer 2004; Otto et al.
2008; Servedio and Kopp 2012). When reproductive isolation automatically establishes
between individuals having dissimilar phenotypes of magic traits, individuals with
novel rare phenotypes may experience difficulty in finding a mating partner. This will
cause stabilizing selection on magic traits and inhibit ecological diversification. The
degree to which magic traits limit hybridization and the strength of stabilizing selection
will vary depending on the mechanisms by which they contribute to reproductive
isolation. If magic traits contribute to reproductive isolation by making mating between
dissimilar individuals impossible, both limitations on hybridization and stabilizing
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selection on magic traits will be strong: possibility of interspecific hybridization will be
completely removed, and individuals having novel phenotypes will certainly fail to get a
mating partner. On the other hand, if magic traits contribute to reproductive isolation by
increasing the tendency of assortative mating but not by restricting mating between
dissimilar individuals, limitations on hybridization and stabilizing selection on magic
traits will not act strongly. In this case, individuals can mate with a dissimilar partner
when s/he could not encounter a similar partner. Therefore, opportunities for
interspecific hybridization will not be completely excluded, and individuals having
novel phenotypes will not suffer disadvantage in finding a mating partner. In this paper,
I call the former mechanism as “mating restriction” and the latter mechanism as
“assortative mating”. Mating restriction based on magic traits includes: limitation on
mating opportunities due to differences in living /reproductive habitats, active times, or
flowering season (Servedio et al. 2011), and mating incompatibility in animals due to
mismatch in genital morphology or mating behavior. Examples of assortative mating
based on magic traits include: female mate choice of cichlid fishes based on diet, body
size, morphology, and color (Martin 2013), female mate choice of Darwin’s finches
based on body size and beak morphology (Servedio et al. 2011), and formation of
groups for mating based on trait similarity.
Taking account of the possible different consequences of hybridization, it is
expected that the role of hybridization in causing adaptive radiation will not be constant
but vary depending on conditions. Mechanisms and strength of reproductive isolation
produced by magic traits will be an important factor, because they will control the
easiness of speciation and the frequency of hybridization events. Moderate levels of
reproductive isolation may be responsible for facilitation of adaptive radiation, because
hybridization events will be necessary for ecological diversification but frequent
hybridizations are expected to cause strong interspecific gene flow, which will lead to
speciation reversal or outbreeding depression. Another factor that may affect the role of
hybridization is the phase of adaptive radiation. In early phases of adaptive radiation,
there will be small genetic differentiations among species that evolved from the same
ancestor. Thus, genetic admixture between species will tend to cause relatively modest
phenotypic effects in hybrid offspring. In late phases of adaptive radiation, on the other
hand, the number of species and genetic differentiation between them will be large.
Therefore, the opportunities of interspecific hybridization and its magnitude of
phenotypic effect will be large and hybridizations may tend to cause outbreeding
depression in late phases of radiation. Although there is a growing interest on the role of
hybridization in causing adaptive radiation, factors determining evolutionary role of
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hybridization are mostly unclear.
Here, I investigate the role of hybridization in causing adaptive radiation and
explore the conditions where co-action of hybridization and ecological speciation with
magic traits causes adaptive radiation. In this purpose, I develop an individual-based
model simulating adaptive radiation that occurs at the secondary contact zone between
parental species which evolve from a common ancestor species. The model invokes
ecological speciation facilitated by magic traits that cause reproductive isolation by two
mechanisms: mating restriction and assortative mating. Simulation results highlight
both promoting and inhibiting effects of hybridization on adaptive radiation, and roles
of magic traits that vary depending on mechanisms by which they contribute to
reproductive isolation.

4.2 The model
General assumptions
The individual based model simulates adaptive radiation of sexual diploid organism that
occurs in a secondary contact zone of three parental species. Fig. 1 summarizes the
evolutionary scenario that is simulated by the model. The model assumes a
spatially-structured system that consists of a central site and three parapatric sub-sites.
The central site carries N types of resources and each of sub-sites carries a single
resource. At first, a single ancestor species invades into the three sub-sites and three
parental species evolve by adapting to a resource of their living site. Then, three species
in sub-sites sometimes migrate to the central site and come into secondary contact and
may cause hybridization there. If migrants and hybrids evolve into multiple species that
utilize different resources in the central site, adaptive radiation will occur. This scenario
may apply, for example, to adaptive radiations of some fish groups that are suggested to
have been facilitated by hybridizations among species living in lakes and streams
(Herder et al. 2006; Joyce et al. 2011). In this model, species multiplication can occur
through ecological speciation that is facilitated by magic traits that cause mating
restriction or assortative mating.
Ecological niches of individuals are characterized by three dimensional,
evolving quantitative traits (x1, x2, x3). These traits determine individual’s strategy of
resource use: for each resource type, there is an optimal trait (y1, y2, y3) to effectively
utilize the resource and the efficiency of the individual to consume the resource
decreases with the distance between (x1, x2, x3) and (y1, y2, y3). Moreover, these traits act
as magic traits that contribute to reproductive isolation; differentiation in these traits
between incipient species can develop reproductive isolation between them and can lead
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to speciation.
Evolution of the traits is driven by mutation and recombination at gamete
production. Initial population contains dipoloid individuals carrying two copies of the
same genome. The genome consists of M chromosomes that are LcM long. Mutations
affecting the traits can occur at any point of the genome with a constant frequency μ per
1cM per generation. The number of point mutations occurring during gamete production
is determined by the Poisson distribution with mean LMμ. Each mutation affects one of
the three traits and the amount of its phenotypic effect is determined as a random
numerical value drawn from the normal distribution with mean 0 and variance σm.
Individual’s phenotypes are determined as the total value of phenotypic effects of all
mutant genes in the diploid genome. In addition to mutation, genomic recombination
that occurs with the frequency of once per 100cM per generation produces diverse
genotypes by changing combinations of mutational genes involved in haploid genome
of gametes.
Ecological interactions
Generations are non-overlapping and in each generation two types of ecological
interactions occur: resource competition and mating. Before maturation, individuals
consume resources to survive and resource competition occurs between individuals
living in the same site. The amount that an individual i consumes a resource r, Cir, is
determined by three factors: the resource supply, intensity of consumption on the
resource r, and the total effect of resource consumption by all individuals in the same
site. Cir is given as follows:

(1)
where Kr is resource supply, dir is the intensity of consumption on resource r by the
individual i and ∑j djr is the total intensity of consumption on the resource r by all
individuals in the same site. When the total intensity of consumption by all individuals
does not exceed the resource supply, resource competition does not occur and Cir,
equals to the intensity of consumption dir. On the other hand, resource competition
occurs when Kr < ∑j djr. In this case, the amount of resource consumption (Cir) depends
on the ratio that dir occupies in the total intensity of consumption by all individuals ∑j
djr. The intensity of consumption on the resource r by an individual i, dir, is determined
by the matching between the traits (xi1, xi2, xi3) and the optimal trait to utilize the
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resource (yr1, yr2, yr3) as follows:

(2)

where φ is the parameter determining the degree to which resources demand phenotypic
specialization to be utilized. The probability that an individual i survive to maturation, Si,
increases with the total amount of resource consumption:

(3)

In each site, survived mature individuals make a mating group where mating
pairs are formed. Upon the formation of a mating pair, firstly a female individual i is
selected at random from all females. Then, a male mating partner is selected from all
males in her living site. Selection of the mating partner incorporates the mechanisms of
both mating restriction and assortative mating that are based on similarity of ecological
traits (i.e. ecological traits act as magic traits). First, each male can become a candidate
of mating partner of the female with a probability pe. The probability pe is given as
follows:

(4)

where αr is the strength of the mating restriction and xit (t = 1~3) is ecological traits of
the individual i. This formula assumes that mating between ecologically dissimilar
individuals will occur at low probability. Then, a male individual is selected as the
mating partner from all candidates based on assortative mating. Namely, the probability
that a candidate male j is selected as the mating partner of the female i is given as:
pmateing = sij/∑j sij, where sij is trait similarity between them. Trait similarity sij is defined
as follows:

(5)
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where αa is the strength of assortative mating and xit (t = 1~3) is ecological traits of the
individual i. Individuals that have formed mating pairs are removed from the mating
group. Formation of a mating pair is repeated until the mating group does not contain
combinations of female and male that can mate with. Each mating pair produces f
offspring individuals that form the next generation. Individuals that have been born in
sub-sites migrate to the central site with a constant probability pmig.
Initial conditions, resource settings, and basal parameter values
The initial state consists of 1000 individuals that are distributed randomly to three
sub-sites. All of these individuals have two copies of the same genome and their
ecological traits are (x1, x2, x3) = (0, 0, 0). Resource settings were randomly determined:
for N resources in the central site, optimal trait values for each trait axes y1, y2, and y3
were determined as a random numerical value that is drawn from the uniform
distribution U(0, r). On the other hand, three resources that exist in the sub-sites pose
the optimal traits (y1, y2, y3) = (r, 0, 0), (0, r, 0), (0, 0, r) and lead to the evolution of the
three parental species that differ in different ecological trait axis. To simulate the cases
where the parental species can colonize the central site and come into secondary contact,
the model assumes that the central site carried three resources that posed the same
optimal traits as the resources of sub-sites.
The default number and length of chromosomes (n = 15, L = 200cM) were
selected to fall within realistic range of animals and plants. The default value of the
frequency of occurrence of mutations that affect each of three phenotype was set to μ =
0.5×10-5/cM/generation. This mutation frequency is based on empirical values of
mutation rate per single base pair per generation (≈ 10-8 ~ 10-9; Roach et al. 2010;
Keightley et al. 2014), typical base pair length of 1cM (≈ 106bp), percentage of exon in
the genome (0.01 ~ 0.015 in human genome), and the percentage of mutations that
affect a specific trait (≈ 0.1; McGuigan et al. 2011). I selected a relatively small basal
value of the mutational effect (σm = 10-1.1) compared to the range of resources’ optimal
traits (r = 6) with which evolution of ecologically diverse species would not occur easily.
For the basal values of the amount of resource supply (K = 70) and the female fecundity
(f = 10), I selected a sufficiently large but not too large values so that a species that uses
a single resource can persist but the whole number of individuals would not exceed an
adequate level. This is because simulations including too many individuals are not
feasible due to the limit of computational power. Basal values of other parameters (σm, r,
N, and φ) were selected to set up a condition where adaptive radiation is potentially
preferred but it would not be accomplished only with mutations, and I asked whether
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hybridization facilitates adaptive radiation. In particular, I selected a sufficiently large
number of resource types (N = 20) and a relatively small value of accessibility of
resources in the central site (φc = 0.6) that demands high trait specialization to utilize
resources. These parameter values set up an ecological condition that prefers evolution
of many specialist species rather than a few generalist species. As for resources of three
sub-sites, I assumed that they did not need high degree of specialization to be utilized
(φs = 5) in order to ensure that initial individuals can persist and start evolution in
sub-sites. The specific values of basal parameters were determined based on the results
of analysis on parameters’ effects (see below).
Model analysis
To explore the conditions in which co-action of interspecific hybridization and
ecological speciation with magic traits causes adaptive radiation, simulations with
systematically varied parameter values were performed. In particular, I focused on the
strength of two mechanisms of reproductive isolation: the strength of mating restriction
αr and the strength of assortative mating αa, because these parameters would control
both the easiness of speciation and possibility of interspecific hybridization.
Additionally, I focused on the effect of phenotypic effect size (σm) because this
parameter would determine the rate of evolution and may alter the relative importance
of hybridization as the source of phenotypic diversity. To examine effects of these
parameters and interaction between them, I provided three lines of parameter
dependence analyses where two of the three parameters (αr-αa, αr-σm, and αa -σm) were
varied. Ranges of parameter values examined are listed in table 1. For each parameter
set, 30 replications of simulation were performed with different resource settings. Each
simulation was run up to 20000 generations.
To examine the role of interspecific hybridization in causing adaptive radiation,
I provided additional simulations with an alternative scenario where three parental
species cannot be hybridized. In this alternative scenario, three parental species do not
share the common ancestor; at the start of simulation, three different ancestor species
invade into three sub-sites. Ecological traits of each of the three ancestor species are (x1,
x2, x3) = (0, 0, 0). At the formation of mating pairs, individuals having different ancestor
species are excluded from mating candidates. Using this scenario, I performed a
parameter dependence analysis by varying values of αa and σm. The result was compared
from that with the default scenario where three parental species can be hybridized.
Simulated adaptive radiations were analyzed based on the following three
measures: (i) the number of resources consumed; (ii) the degree of genetic mixture
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between parental species. (iii) the number of species. These measures were examined
for the ecosystem in the central site once every 100 generations. The number of
resource consumed is defined as the number of resource types of which consumed
amount exceeds 90% of its supply. This measures ecological diversity at the focal
generation. The degree of genetic admixture between parental species is a measure of
hybridization among species. The degree of genetic admixture of each individual was
defined as the diversity index of original sites of genes (i.e. the site where the mutant
gene firstly occurred) that are included in the genome of the individual. Then, the
degree of genetic mixture was averaged among all individuals at the focal generation.
The number of species was based on the count on reproductively isolated clusters that
consist of ecologically similar individuals. To do this, I recorded all individuals in two
successive generations. All recorded individuals were firstly sorted into 30 clusters
based on their ecological traits by using k-means algorithm. Then, clusters that were
connected by certain levels of gene flow were merged. Levels of gene flows between
clusters were evaluated by using records of parent-offspring relationships between
individuals of two successive generations: if some parents of individuals in a focal
cluster belong to another cluster, there exist gene flows between those clusters at the
focal generation. I assumed that two clusters i and j were connected by gene flow if:
more than 5% of parents of cluster-j individuals belong to the cluster i, and at the same
time, more than 5% of parents of cluster-i individuals belong to the cluster j. Also, when
more than 50% of parents of cluster-i individuals belonged to another cluster j, the
cluster i was assumed to be connected to the cluster j. Chain of clusters that were
genetically connected were merged into a single cluster. This procedure was repeated
until the number of clusters did not change. Each of the obtained clusters should
correspond to a species that forms an independent gene pool or a hybrid swarm that is
maintained by mating between multiple different species. Hybrid swarms were not
counted as species. Namely, if more than 30% of parents of cluster-i individuals
belonged to clusters other than the cluster i, I defined the cluster i as a hybrid swarm
and excluded it from the species count. Since the clustering algorithm depended on
random sampling, I repeated this procedure three times and averaged the results.

4.3 Results
Simulation results showed both promoting and inhibiting effects of hybridization on
adaptive radiation. Fig. 2a shows the number of resources consumed, the number of
species, and the degree of genetic admixture among species in a simulation trial where
two opposite effects of hybridization were observed. In the first 2000 generations, three
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parental species differentiated in their phenotype in different sub-sites. At around the
3000th generation, the number of resources consumed and the number of species
rapidly increased concurrently with the rapid increase in the degree of genetic admixture.
This implies that hybrid individuals that inherit genes from multiple different species
rapidly increased their abundance by invading into various novel ecological niches. This
diversity, however, was not maintained in a long term; in late phases of adaptive
radiation, the number of species and resources consumed gradually declined. Simulation
results suggested that species extinctions due to outbreeding depression occurred at late
phases of radiation. This is because genetic differentiations between species were large
at late phases of radiation and interspecific mating caused large phenotypic effects in
offspring and disturbed adaptive genetic combinations of each species (discussed later).
Species extinctions in late phases of radiation could be mitigated if there are moderate
levels of mating restrictions (Fig. 2c). This may be because outbreeding depression was
weakened by the limitation on mating between highly dissimilar species.
Mechanisms by which magic traits contribute to reproductive isolation and
their strength significantly affected the feasibility of adaptive radiation and the role of
hybridization. Fig. 3 shows effects of the strength of the two mechanisms of
reproductive isolation: mating restriction (αr) and assortative mating (αa). Adaptive
radiation, which is measured by increases in both the number of species and resources
consumed, occurred only when assortative mating was strong (large αa). On the contrary,
when mating restriction was strong (large αr), the number of resources consumed did
not increase. When there are moderate levels of mating restriction, as in the case of Fig.
2c, species extinctions at late phases of radiation could be mitigated (e.g. σm = 2-1, αa =
21 in Fig. 3).
The phenotypic effect size of mutant genes (σm) was also an important factor
that determined the relative importance of interspecific hybridization in causing
adaptive radiation. Fig. 4 and 5 show effects of σm and the strength of two mechanisms
of reproductive isolation, αa and αr. In simulations of these two figures, only one of the
two mechanisms of reproductive isolation was considered by setting αr = 0 or αa = 0.
When reproductive isolation is produced only by mating restriction, adaptive radiation
was difficult. In this case, adaptive radiation was observed only with large phenotypic
effect size of mutations (Fig. 4, large σm) that can cause phenotypic diversification
without hybridization. Indeed, in these adaptive radiations, increase of the degree of
genetic admixture was not observed. On the contrary, when reproductive isolations can
be caused by assortative mating, adaptive radiation occurred even with small values of
σm (Fig. 5, large αa and small σm). The value of phenotypic effect size of mutant genes
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(σm) affected timings when ecological diversification and increase of the degree of
genetic admixture occurred. As with the example of Fig. 1a, the number of resources
consumed and the number of species decreased in late phases of radiation, but when σm
was large, these measures could increase again (Fig 5, large αa and large σm). This
secondary increase in diversity occurred without hybridization events because it was not
associated with increase of the degree of genetic admixture.
The role of hybridization to facilitate adaptive radiation was highlighted by the
comparison between simulations of two different scenarios: (i) three parental species
share the same ancestor and can be hybridized and (ii) three parental species have
different ancestor species and cannot be hybridized. Fig. 6 shows the result of parameter
dependence analysis on αa and σm with the scenario (ii). Adaptive radiation could occur
with the scenario (ii) when the phenotypic effect size of mutant genes (σm) was large.
However, when σm was not large, ecological diversification did not occur before the
20000th generation with this scenario. These results suggest that interspecific
hybridization is necessary for adaptive radiation when phenotypic effect size of
mutations is not large.

4.4 Discussion
Our simulation results suggested that interspecific hybridization can facilitate adaptive
radiation. Three lines of results support this. First, in many simulations, I observed
concurrent occurrence of rapid evolution of ecologically diverse species and increase in
abundance of hybrid individuals that have genes from multiple parental species (Fig. 2a,
c). This observation indicates that hybrid individuals succeed in invading into
unoccupied ecological niches and increased their abundance. In other words,
hybridization produced ecologically diverse individuals and facilitated adaptive
radiation. Second, adaptive radiation was made difficult when the simulation assumed
that three parental species do not share the same ancestor and cannot be hybridized (Fig.
6). Similarly, adaptive radiation was difficult when opportunities of interspecific
hybridization were mostly removed by strong restriction on mating between
ecologically dissimilar species (Fig. 4). In these cases, adaptive radiation could occur
only with large phenotypic effect size of mutations. These results suggest that
hybridization can be an important facilitator of adaptive radiation when a single
mutation cannot produce large phenotypic effect.
Simulation results suggested not only promoting but also inhibiting effect of
hybridization on adaptive radiation. That is, hybridization could cause species
extinctions in late phases of adaptive radiation in some conditions. Simulations results
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suggested that this was because hybridization caused outbreeding depression. As shown
in Fig. 2b, absolute values of total effects of mutant genes in genome of individuals
monotonically increased with generations. Accumulation of mutant genes with plus and
minus effects on phenotypes will continue even after phenotypic evolution has reached
to a stable state, because random fixations of some mutant genes that disturb an already
established adaptation will favor further fixations of mutant genes with opposite effects.
Since effects of mutant genes that increase and decrease phenotypes were canceled out,
the increase of mutant genes did not cause large phenotypic effects within each species.
However, these mutant genes would produce significant phenotypic effects in hybrids
beyond F2 generation where combinations of genes are broken by recombination. Thus,
in late phases of radiation, interspecific hybridization would tend to disturb local
adaptations of each species, and lead to outbreeding depression and species extinctions.
Additionally, when there are moderate levels of restrictions on mating between
ecologically dissimilar species, species extinctions in late phases of radiations were
mitigated (Fig. 2c, 3). Similarly, species extinctions in late stages of radiation were not
observed in simulations where three parental species cannot be hybridized (Fig. 6).
These results also suggest that frequent interspecific hybridization events were
responsible for the species extinctions in late phases of radiation.
Results of parameter dependence analysis suggested that roles of magic traits in
adaptive radiation can vary depending on the mechanism and strength of reproductive
isolation that they produce. Magic traits producing strong assortative mating
consistently facilitated adaptive radiation (Fig. 3, 5, 6). This is because assortative
mating made establishments of new species easy by contributing to keep genetic
combinations that have adapted to specific ecological niches. In other words, it was
necessary to avoid mating with ecologically dissimilar individuals when an individual
establishes a new species that have a genotype to use a novel specific ecological niche.
The effect of hybridization to facilitate adaptive radiation was not reduced even with
strong assortative mating. This is because assortative mating in the model of this study
assumed that females always mate with a male even when she could not encounter
ecologically similar males and this allowed occurrences of interspecific hybridization
events. On the other hand, magic traits that contribute to reproductive isolation by
making mating between dissimilar individuals impossible showed both promoting and
inhibiting effects on adaptive radiation. When reproductive isolation can be produced by
both assortative mating and mating restriction, moderate levels of mating restriction
could mitigate outbreeding depression in late phases of adaptive radiation by reducing
gene flow between ecologically dissimilar species (Fig. 2c, 3). However, when mating
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between dissimilar individuals was strongly restricted, ecological diversification was
inhibited (Fig. 3, 4). This can be explained by two mechanisms: (i) strong restrictions on
mating between ecologically dissimilar species completely removed opportunities of
interspecific hybridization that may be necessary for adaptive radiation; (ii) mating
restrictions generated stabilizing selection by making acquisition of mating partners
difficult for individuals having novel rare phenotypes. Several previous studies
suggested that the latter mechanism can make ecological speciation difficult
(Kirkpatrick and Nuismer 2004; Otto et al. 2008; Servedio and Kopp 2012). Fig. 4
shows both of these two effects. First, when phenotypic effect size of mutations was
small, adaptive radiation could not occur with mating restrictions. This pattern can be
explained by the lack of hybridization events, because adaptive radiation did occur even
with small phenotypic effect of mutations if reproductive isolation can be produced by
assortative mating (Fig. 5). Second, when mating restriction was very strong, adaptive
radiation could not occur even with large phenotypic effect sizes of mutations (Fig. 4).
This pattern could not be attributed to the lack of hybridizations because phenotypic
diversification should be possible without hybridization. Rather, this pattern can be
explained by the stabilizing selection that is caused by reduction of reproductive success
in individuals with novel phenotypes. The stabilizing selection will become strong when
fitness disadvantage due to failure in finding reproductive partners is strong (Otto et al.
2008). In the model of this study, the stabilizing selection might be relatively weak
because the model assumed a monogynous mating system where most male individuals
can gain a mating partner. On the other hand, the stabilizing selection will be stronger if
males can mate with multiple females and male competition on mating partners is
strong.
Simulation results suggest that the role of magic trait varies depending on their
mechanism to contribute to reproductive isolation between species. In simulations of
this study, strong assortative mating promoted adaptive radiation. This result accords
with the phylogenetic pattern of adaptive radiations in African cichlid fishes: adaptive
radiations occurred more frequently in taxonomic groups that exhibit strong female
mate choice than in other groups (Wagner et al. 2012). Moreover, magic traits with
mating restriction strongly inhibited ecological diversification but moderately promoted
increase of the number of species. This result may be similar to the cases of
non-adaptive radiations where species multiplication occurs without apparent ecological
diversifications (Rundell and Price 2009). These results suggest that macro-evolutionary
dynamics of a taxonomic group can vary depending on mechanism of reproductive
isolation in the group. I suggest that differences among magic traits in their mechanisms
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developing reproductive isolation is an overlooked important factor that determines
whether a taxonomic group causes adaptive radiation or not.
Results of the present study suggested that the relative importance of
promoting and inhibiting effects of hybridization on adaptive radiation changes between
early and late phases of radiation. In early phases of adaptive radiation, hybridization
facilitated rapid ecological diversification, whereas in late phases of radiation,
hybridization could cause outbreeding depression and led to species extinctions.
Therefore, it is expected that in late phases of radiation, the evolution of complete
reproductive isolation between species will be driven. This would drive future evolution
of diversity including diverse sexual signals, various species specific genital shapes, and
variations in mating displays. This prediction may accord with the progression pattern
of adaptive radiation in cichlid fishes of Lake Malawi where differentiations in sexual
signals occurred after the ecological diversifications (Kocher 2004). A future challenge
is to perform a simulation of adaptive radiation incorporating evolution of reproductive
isolation traits that are independent from ecological traits.
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4.5 Tables
Table 4.1: Model parameters
Parameter
values
parameter-dependence
analysis

for

Definition

Symbol

Basal
value

Strength of mating restriction

αr

0

0, 2−2, 2−1, … 22

Strength of assortative mating αa

0

0, 2−2, 2−1, … 22

Phenotypic effect size of
σm
mutations

10−1.1

10−0.6, 10−0.8, 10−1.0, … 10−1.6

The number of resources in N
the central site

20

-

Range of optimal trait values r
of resources

6

-

Accessibility of resources in φ
c
the central site

0.6

-

Accessibility of resources in φ
s
sub-sites

5

-

The amount
supply

resource K

70

-

Number of chromosomes in n
haploid genome

15

-

The length of a
chromosome (cM)

200

-

Frequency
of
mutation μ
occurrence/cM/generation

1.5×10-5

-

Female fecundity

10

-

0.05

-

of

single L

f

Migration rate from sib-sites p
mig
to the central site
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4.6 Figure legends and figures
Figure 4.1: Evolutionary scenario that is simulated by the model. A single ancestor
species firstly invades into three sub-sites and evolves into three parental species in
these sites. Then, the three parental species migrate into the central site and come into
secondary contact. The central site contains various potential ecological niches (N types
of resources) and adaptive radiation can occur through evolution of many species that
utilize different ecological niches.
Figure 4.2: Examples of simulation result. Upper panels (a, b) show a result of
simulation with no mating restriction and strong assortative mating (αr = 0, αa = 2).
Lower panels (c, d) show a result of simulation with moderate levels of mating
restriction and strong assortative mating (αr = 0.5, αa = 2). Left panes (a, c) show the
number of resources consumed (red), the number of species (blue), and the degree of
genetic admixture among species (green) at each generation. Right panels (b, d) show
total effects of all mutant genes in genome of an individual. Solid (dotted) lines show
total effect of all mutant genes having positive (negative) effects on phenotypes. Red,
blue, and green lines show effects on x1, x2, and x3 respectively. The y-axis values are
averages of total phenotypic effects among all individuals in each generation. Parameter
values other than αr and αa were set to the basal values that are summarized in the table
1.
Figure 4.3: Effects of the strength assortative mating (αa) and mating restriction
(αr). Values of the number of resources consumed (red), the number of species (blue),
and the degree of genetic admixture among species (green) of the states at the 4000th,
10000th, and 20000th generation are shown. Color depth of each square represents
average values of the three measures among 20 simulation replications with each set of
parameter values. Parameters other than αr and αa were set to the basal values that are
summarized in the table 1.
Figure 4.4: Effects of the strength of mating restriction (αr) and the phenotypic
effect size of mutations (σm). Values of the number of resources consumed (red), the
number of species (blue), and the degree of genetic admixture among species (green) of
the states at the 4000th, 10000th, and 20000th generation are shown. Color depth of each
square represent average values of the three measures among 20 simulation replications
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with each set of parameter values. Parameters other than αr and σm were set to the basal
values that are summarized in the table 1.
Figure 4.5: Effects of the strength assortative mating (αa) and the phenotypic effect
size of mutations (σm). Values of the number of resources consumed (red), the number
of species (blue), and the degree of genetic admixture among species (green) of the
states at the 4000th, 10000th, and 20000th generation are shown. Color depth of each
square represent average values of the three measures among 20 simulation replications
with each set of parameter values. Parameters other than αa and σm were set to the basal
values that are summarized in the table 1.
Figure 4.6: Effects of the strength assortative mating (αa) and the phenotypic effect
size of mutations (σm) in simulations where three parental species cannot be
hybridized. Values of the number of resources consumed (red), the number of species
(blue), and the degree of genetic admixture among species (green) of the states at the
4000th, 10000th, and 20000th generation are shown. Color depth of each square represent
average values of the three measures among 20 simulation replications with each set of
parameter values. Parameters other than αa and σm were set to the basal values that are
summarized in the table 1.
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Chapter 5
General Discussion
Summary of results
The three studies of chapters 2~4 expand our understanding on the role of biological
interactions and their variability in evolution of diversity. In the three study systems,
alterations of biological interactions that were caused as side-effects of adaptations
contributed to evolution of diversity in two ways: (i) changing natural selection regime,
which drives further evolution following adaptation, (ii) elevating evolvability by
producing opportunities of interspecific hybridizations that seed phenotypic variation.
In chapter 2, I addressed co-evolutionary system of plants, pollinators, and
their predators where co-action of mutualistic and predator-prey interactions drive their
phenological evolution. In this system, adaptation in one species induced adaptation in
other two species, which in turn caused secondary changes in their interactions and
natural selection regime. This co-evolutionary process between three species produced
open-ended evolutionary dynamics that ultimately caused co-speciation of plants and
pollinators.
In chapter 3, I investigated evolution of flower color in generalized
food-deceptive plant species by focusing on the inaccuracy of color discrimination by
pollinators. When color discrimination by pollinators was inaccurate, pollinator’s
avoidance learning of a specific flower color caused concurrent avoidance of different
but similar flower colors. Simulation results suggested that this joint action of learning
and perceptional inaccuracy may be a key factor determining the number of flower
colors that evolves in generalized food-deceptive plants.
In chapter 4, I investigated the role of interspecific hybridization in causing
adaptive radiation. In the early phases of adaptive radiation, a single ancestor species
diverged into three species and this seeded the possibility of interspecific hybridization.
Under some conditions, interspecific hybridization drove rapid phenotypic
diversification by producing various genotypes consisting of genes from multiple
different species. This result suggests that adaptive speciation creates opportunities for
interspecific hybridization, which can elevate evolvability of their taxonomic group.
Non-adaptive secondary effects of adaptation promote open-ended evolution
How and why adaptive variability of biological interactions facilitate evolution of
diversity? Apparently, there is no direct connection between them. One possible answer
to this question is that adaptive variability of biological interactions can produce
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open-ended chain of evolutions, which will ultimately facilitate evolution of diversity.
As shown in previous chapters, adaptations to respond to one aspect of their
surrounding circumstances often cause non-adaptive secondary effects in other aspect.
Such secondary effects of adaptation will produce unexperienced novel states, which
will facilitate further evolution. On the contrary, if adaptations do not cause any
secondary effects, evolution will stop when organisms accomplish adaptation for their
surrounding circumstances. Therefore, I propose that the existences of some sort of
secondary effects of adaptations may be a key factor to make evolution open-ended and
facilitate diversification.
Studies in this thesis and several previous studies provide concrete examples of
open-ended chain of evolution driven by secondary effects of adaptation. In the system
of plants, pollinators, and their predators, adaptive phenological synchronization
between plants and pollinators then caused efficient predation on pollinators by
predators that evolved to synchronize with them. This secondary change of
pollinator-predator interaction drove further evolution of pollinators, and promoted
complex open-ended coevolution of them. Additionally, many examples of
co-evolutionary race are involved in open-ended chain of evolution. Major examples are
co-evolutions between plants and phytophagous insects that have been suggested as the
cause of speciation and geographic variation in a number of species (Thompson 2014).
In food-deceptive plants and their pollinators that I focused in the chapter 2, pollinator’s
learning to avoid a rewardless flower color morph concurrently produced avoidance for
other different but similar flower colors. This unintended secondary effect of learning
was a key factor determining the number of flower colors that evolves in food-deceptive
plants. There are a number of other examples where incomplete perception of animals
induces secondary effects of learning that promote evolution of diverse appearances of
their interacting partners. In predator-prey systems, incompleteness of predators’
perception can lead to evolution of Batesian or Mullerian mimicry in prey. In Heliconius
butterflies, evolution of mimicry caused geographic variation in their wing appearances
(Mallet 2008). In several species of Papilio butterflies, Batesian mimicry have evolved
only in females and led to sexual dimorphism in their wing appearances (Kunte 2009).
Finally, the results of chapter 4 suggested that adaptive speciation can create
opportunities of interspecific hybridization between species that could contribute to
rapid large-scale diversification by elevating evolvability of the taxonomic group.
Open-ended chain of evolution and orders of evolution
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In previous paragraphs, I proposed the view that adaptation of organisms in response to
one aspect of their surrounding circumstance induces secondary effects on another
aspect, which can lead to open-ended chain of evolution. This view implies the
existence of orders in evolutionary events; evolution to adapt to the second aspect will
occur only after adaptation in the first aspect has been accomplished. The existence of
the order in evolutionary events means that the present pattern of diversity of organisms
reflects the long term evolutionary history in their local community. Long term
accumulation of chained evolutions may be an important requirement for occurrence of
endemic ecological diversities that are highly specialized and deeply associated with
specific local circumstances.
The view that secondary effects of adaptations produce open-ended evolution
also implies that diversity and complexity of life may be prone to increase with time.
This is because secondary effects of adaptation will drive following evolution in novel
trait axes and increases the number of evolutionary traits. Although the number of
evolutionary traits was limited in mathematical/simulation models of this thesis and
most of previous studies, there must be many potential phenotypes that can evolve in
response to secondary effects of adaptation in real systems. If adaptation in one trait
axis causes secondary effects on multiple other potential trait axes, these traits will be
novel evolutionary traits. Therefore, the chain of evolutions will increase the number of
traits that is differentiated from ancestor species, implying that overall phenotypic
diversity and complexity may be prone to increase with time. It will be further
important challenge to investigate long term evolutionary pattern in a simulation model
incorporating large number of potential evolutionary traits and many potential
ecological interactions that can cause secondary effects of adaptation.
Future directions
The potential importance of secondary effects of adaptation illustrates the need to
improve frameworks for modeling of evolution. So far there is no
mathematical/simulation model incorporating both many potential evolutionary traits
and many potential biological interactions. However in real ecosystems, many potential
biological interactions can be causes of secondary effects of adaptation that drive
following evolution in many other potential evolutionary traits. For instance, if there
exist 100 species in a site, adaptive changes of a phenotype in a species can potentially
cause secondary effects by modifying interactions between this and other 99 species.
Such secondary modification on biological interactions will produce needs of further
adaptation in their traits that are relevant to the modified biological interaction. At least,
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within the current frameworks, it will be difficult to evaluate entire consequences of
secondary effects of adaptation, because theoretical analysis will need a simulation
model that includes: (i) many potential evolutionary traits, (ii) all species that can
potentially interact with the focal species, and (iii) a huge number of possible potential
biological interactions among all species. Therefore, it is necessary to improve
modeling frameworks to capture effects of secondary effects of adaptation. I suggest
that individual based computer simulation incorporating moderately large number of
potential evolutionary traits and species will be a valuable first step.
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