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ABSTRACT
Sympatric speciation, the emergence of new species in the absence of geographic isolation,
is one of the most controversial issues in evolutionary biology. Although today the
plausibility of the occurrence of sympatric speciation is theoretically acknowledged, its
underlying mechanisms are still unknown. We applied a modeling approach with three
trophic levels (primary resource, prey, and predator) and supplied prey species with two
different food resources (Food 1 and Food 2) to track prey lineage through evolutionary
time to detect any indicators of the occurrence of sympatric speciation caused by
specialized food consumption. Whereas, Food 1 was the more available resource, Food 2
had higher energy content. Initially, when there was not yet any specific food
specialization, Food 1 consumption rate was significantly higher compared to Food 2.
Eventually, around time step 22,000 and after the emergence of food consumption
specialization, the exploitation of Food 2 was higher than Food 1 in spite of the fact that
prey individuals were more frequently encountered with Food 1 than Food 2. Drawing a
comparison between simulations with only one food resource and simulations with two
available food resources revealed that complete reproductive isolation caused by disruptive
selective pressure exerted by adaptation to different resources plays a curial role in the
emergence of sympatric species. Machine learning techniques were also employed to
identify the shared patterns among sympatric species. Results showed that for most lineages
sympatric divergence has occurred at the beginning of the process of the emergence of
specialized use. If not, these species have possessed a high spatial distribution and had to
meet two conditions to be diverged sympatrically: i. high genetic diversity and ii. a large

population size.
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CHAPTER 1

INTRODUCTION

1.1 Speciation and Mechanisms of Divergence

One the most essential evens in the history of life is speciation, which has happened billion
times since life began 3.8 billion years ago (Herron and Freeman 2013; Stearns 1992). The
origin of life has been one of the most controversial topics in biology (Bolnick and
Fitzpatrick 2007). Speciation is defined as “the evolution of reproductive isolation between
two populations” (Ridley 2004), and species is “the smallest evolutionarily independent
unit” (Herron and Freeman 2013). Speciation is also defined as “the evolution of
genetically distinct populations (clusters), maintained by reproductive isolation in the case
of sexual taxa” (Bolnick and Fitzpatrick 2007). Evolution, alterations in allele frequencies
across generations, is caused by evolutionary forces (selection, mutation, migration (gene
flow), and genetic drift). Evolutionary independence happens when these evolutionary
forces function on population separately (Herron and Freeman 2013). In other words,
“species form a boundary for the spread of alleles” and as a result, each species follow its
own evolutionary path (Herron and Freeman 2013). Essentially, the lack of gene flow and
reproductive isolation are the central event in the process of forming a new species and the
speciation process initiates when populations are genetically isolated (Herron and Freeman
2013; Ridley 2004). Therefore, species is defined as “interbreeding populations that evolve
independently of other populations” (Herron and Freeman 2013). All member of one
species genetically, ecologically, morphologically, and behaviorally differentiate from the
members of other species. Thus, they only could interbreed with the members of their own
species and the evolution of a barrier to interbreeding between two populations could cause
one species to diverge into two separate species (Ridley 2004; Stearns 1992). Generally,
reproductive isolation might occur through two main mechanisms: i. premating or
prezygotic isolating mechanisms such as ecological or habitat isolation, seasonal or

temporal isolation (different mating season), and sexual isolation that inhibit the formation



of hybrid zygotes; and ii. postmating or postzygotic isolating mechanisms such as hybrid
inviability and hybrid sterility that lower the viability or fertility chance of hybrid zygotes
(Ridley 2004).

Speciation is conceptualized as a three-stage process: populations isolate in the first step;
then divergence in traits (e.g. habitat use or mate choice) will happen through the second
step; and finally populations become reproductively isolated at the third step. During the
first step gene flow is disrupted and populations become isolated as a result of a barrier
such as physical isolation (e.g. dispersal or vicariance) or mutation (e.g. polyploidy or
chromosome changes) (Herron and Freeman 2013). The first step generates a condition for
speciation; however, in order to have a continuous event the operation of genetic drift and
natural selection on population is also necessary to create divergence in isolated population
(Herron and Freeman 2013). Genetic drift that leads to random fixation or loss of alleles is
more pronounced in small populations. Considering this fact that populations become
smaller during the speciation process as a result of the stopped or reduced gene flow,
genetic drift , therefore, plays a crucial role in the speciation process (Herron and Freeman
2013). Nevertheless, the role of genetic drift in the speciation process has been largely taken
up with controversy and it has been asserted that genetic drift can only effectively
contribute to this process if population is extremely small and remains small for a long
period of time (Grant, Grant, and Deutsch 1996; Lande 1980, 1981). Whereas, natural
selection is significantly recognized as the most important parameter that promotes the
divergence of a new species from their ancestral population, when a portion of the original
population starts inhabiting a new food resource or a new environment (Feder et al. 1997;
Feder, Chilcote, and Bush 1988, 1990; Filchak, Roethele, and Feder 2000; Gras, Golestani,
Andrew P Hendry, et al. 2015; Hendry and Kinnison 2001; Nosil, Crespi, and Sandoval
2002; Rundle et al. 2000). The significant role of natural selection in speciation has been
illustrated by concrete empirical evidence described in a comprehensive meta-analysis
done by (Funk, Nosil, and Etges 2006). They looked at hundreds of species of birds, frogs,
fish, insects, and plants to investigate the occurrence of reproductive isolation throughout
the evolutionary divergence from an ecological perspective. A significant correlation
between ecological divergence and reproductive isolation was observed in more than 500

species pairs (Funk, Nosil, and Etges 2006).



In addition to genetic drift and natural selection, sexual selection, which works on
individuals’ capability to acquire their potential mates, could also facilities the process of
divergence (Fisher 1958; Higashi, Takimoto, and Yamamura 1999; Lande 1981; Panhuis
et al. 2001; Shaw and Lugo 2001; Uy and Borgia 2000). In summary, genetic drift through
fixation or loss of specific alleles that do not function properly as heterozygote; natural
selection through production of adaptation to specific conditions; and sexual selection
through alteration in mating system could lead to the emergence of a new species, while
produced hybrid offspring possess a remarkably reduced fitness (Herron and Freeman
2013). It means that there is a selection pressure acting against hybrid individuals (through
reduced survival and fertility) and consequently, reduce their frequencies in the population.
This selection force is called reinforcement. Reinforcement is the last stage of speciation,
which finalizes the speciation process through the formation of a complete reproductive
isolation (Coyne and Orr 1997; Herron and Freeman 2013; Higgie, Chenoweth, and Blows
2000). On the other hand, hybridization itself could results in the emergence of a new
species when diverged populations produced fertile and viable hybrid offspring that unlike
their parental species are able to occupy a novel habitat and indicate a higher fitness in the
new habitats. As a result, eventually a distinct third species could emerge (Herron and
Freeman 2013; Rieseberg et al. 1996).

Theoretically, there are three different geographic relations between a new evolving species
and its ancestor. Allopatric speciation happens when a new species evolves in geographic
isolation from its ancestor. In other words, in allopatric divergence or geographical
speciation, new species gradually are formed from geographically isolated populations of
the same ancestral gene pool (Coyne 1992; Mayr et al. 1963; Rice and Hostert 1993; Ridley
2004). Parapatric speciation occurs when “the new species evolves in a geographically
contiguous population”. Parapatric speciation is one of the rare forms of speciation, in
which reproductive isolation happens because of temporal and behavioral reasons rather
than geographic causes. Unlike allopatric speciation in which the population of one
particular species is split into two separate subpopulations by a physical barrier, in
parapatric speciation a subpopulation of one specific species becomes genetically isolated
as a result of occupying a new niche (Bank, Birger, and Hermisson 2012). By far the most

controversial form of speciation is sympatric speciation, which happens when one single



species (ancestral species) splits into two or more groups of individuals that become unable
to reproduce with each other, although there is no geographical isolation or extrinsic barrier
to gene flow (Berlocher and Feder 2002; Coyne 2007; Ridley 2004). In other words,
sympatric speciation happens when a new species emerges “within the geographic range of
its ancestor” (Ridley 2004). Basically, we can say that in the speciation process there is a
continuum geographic constraint preventing interbreeding from zero in sympatric to
complete in allopatric (Fitzpatrick, Fordyce, and Gavrilets 2008). In other words, from
population genetic point of view sympatric speciation is considered as the most extreme
lineage-splitting event that happens without presence of any physical barriers preventing
gene flow (Bird et al. 2012; Gavrilets 2003; Kautt, Machado-Schiaffino, and Meyer 2016).
Although there are different mechanisms of speciation, most scholars agree that the vast
majority of species have been initiated through “allopatric speciation” (Coyne 1992; Mayr
1963; Rice and Hostert 1993).

1.2 Ecological speciation

Initially, Simpson (1955) argued that ecological conditions play a central role in lineage
diversification; for example, when organisms switch into a new food resource or habitat
(Simpson 1955). Recently, this claim has again caught the attentions of scientists and they
recast it as “ecological speciation”. Ecological speciation adopts a broad perspective and
combines all different modes of speciation (allopatry, sympatry, and parapatry). It defines
speciation as a lineage-splitting event resulting from the emergence of reproductive
isolation caused by the function of divergent natural selection acting on traits between
populations or subpopulation in conflicting environment (Feder and Forbes 2007; Funk,
Egan, and Nosil 2011; Funk et al. 2006; Karpinski et al. 2014; Schluter 2000, 2001; Y oder
et al. 2010). Biotic and abiotic factors of habitat are defined as “environment”, which could
be physical structure of habitat, food resources, and climate or ecological interactions
between individuals such as predation and resource competition (Schluter 2001). Basically,
ecological speciation happens “when barrier to gene flow (reproductive isolation) evolves
between populations as a result of ecologically-based divergent selection” (Rundle and

Nosil 2005). Selection acting on populations in opposite directions is considered as
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divergent selection (Rundle and Nosil 2005).

Traditionally, speciation modes of action are categorized based on the geographical
relations of populations that are experiencing speciation event (allopatric, sympatric or
parapatric). However, according to ecological speciation hypothesis, speciation “might
occur in allopatry or in sympatry” (Schluter 2001). The occurrence of ecological speciation
has been demonstrated through experimental observation (Rice and Hostert 1993) and also
through field studies (Coyne and Orr 2004; Rundle and Nosil 2005).

The initial components required for the occurrence of ecological speciation process is “an
ecological source of divergent selection, which could be differences in environment or
niche, certain forms of sexual selection, and the ecological interaction of populations”
(Rundle and Nosil 2005). For instance, when populations inhabit different environments or
exploit different resources, they experience disruptive natural selection and eventually
indicate adaptation to different environments. This could potentially lead to the evolution
of barrier to gene flow among populations and therefore, the occurrence of ecological
speciation (Rundle and Nosil 2005; Schluter 2001). Reproductive isolation resulted from
adaptation to different environments has been observed both in sympatric (Rice and Salt
1990) and allopatric species (Rice and Hostert 1993). Generally, environmental variances
is considered as one the important sources of divergent selection (Schluter 2000).
Ecological interaction among living organisms is another source of divergent selection in
nature, which particularly plays a central role in sympatric speciation (Rundle and Nosil
2005; Turelli, Barton, and Coyne 2001).

1.3 Sympatric Speciation

Sympatric speciation happens when one lineage is split into two new separate species
without any geographical separation in ancestral species. According to the majority of
models describing sympatric speciation, the initial step in sympatric divergence is
polymorphism developed by natural selection and the next step is prezypotic isolation
between different morphs (reinforcement process). For example, sympatric speciation

happens when reinforcement process isolates two different morphs feeding on two distinct



food resources that are not able to reproduce fertile and viable hybrid offspring. Unlike
parapatric speciation, for the occurrence of sympatric speciation initial polymorphism does
not need to be spatial polymorphism that is spread through the space within population
(Ridley 2004).

It has been empirically demonstrated that there are two particular circumstances easing the
occurrence of sympatric speciation as an evolutionary process in nature: genetic conditions
and ecological conditions (Bolnick and Fitzpatrick 2007; Via 2001). Genotype x
environment interaction in resource use and genetic variation in habitat preference are two
main examples of genetic conditions facilitating sympatric speciation (Via 2001).
Examples of ecological conditions leading to sympatric speciation include: i. habitat or host
shift in sister species utilizing diverse habitat or host (host refers to what provides
nourishment for an organism), ii. ecological opportunity for adaptive radiation in isolated
environments such as small lakes or islands (Via 2001) (adaptive radiation occurs when
individuals of a single population quickly branch off into several new forms as a result of
a new change in the environment that provide environmental niches or new resources or
new challenges (Larsen and Repcheck 2008; Schluter 2000)), and iii. imposed constraint
on gene flow between populations as a result of the absence of an intermediate environment

that supports hybrids (resulting in an ecological selection force against hybrids) (Via 2001).

Almost all sympatric speciation models follow a unique general outline. As such, disruptive
selection in an initial random mating population leads to evolutionary changes in mating
patterns in all models and this, in consequence, contributes to reproductive isolation in
subpopulations of the initial population (Bolnick and Fitzpatrick 2007; Kirkpatrick and
Ravigné 2002). Competition for shared resources (Bolnick and Smith 2004; Pfennig and
Pfennig 2010; Roughgarden 1972), adaptation to different resources (Martin and Pfennig
2009; Wilson and Turelli 1986), and unequal distribution of resources throughout the
environment (Hendry et al. 2009; Schluter and Grant 1984) are the underlying factors that
could result in disruptive selective pressure. In addition to disruptive selection, other
evolutionary factors play a leading role in sympatric speciation including sexual selection
(van Doorn, Edelaar, and Weissing 2009; Maan and Seehausen 2011), competition, and
habitat preference (Bolnick and Fitzpatrick 2007). In fact, it is believed that the sympatric

speciation process stems from several fundamental causes including reproductive and
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behavioral strategies (Thibert-Plante and Hendry 2011). Among these, sexual selection that
forces mate choice and habitat competition which leads to preferential resource use are the

most popular among literature (Thibert-Plante and Hendry 2011).

Darwin (1859) successfully developed the concept that natural selection could eventually
lead to species divergence. Sympatric speciation had been widely accepted by scientists
until the early 1960’s when it became a divisive issue. In 1963, Mayr argued against
sympatric speciation and proposed that allopatric speciation is the prevalent type of
speciation. Since then many investigators such as Smith (1966) (by his simple model), and
most significantly Rice (by his empirical and theoretical studies) (Rice and Salt 1990; Rice
1984, 1987) have striven to prove that disruptive selection could frequently lead to
sympatric speciation. Today, thanks to a large number of empirical observations and
mathematical models, it is generally acknowledged that sympatric speciation is
theoretically possible and has occurred in nature. However, the underlying mechanism for
it has remained unclear and controversial (Bolnick and Fitzpatrick 2007; Coyne and Orr
2004; Gavrilets 2004; Turelli et al. 2001; Via 2001). After attesting to the theoretical
feasibility of sympatric speciation, its central underlying mechanism has become the main
source of controversy today and much uncertainty still exists. However, exploring
underlying causes of sympatric speciation by means of empirical studies is difficult
(Bolnick and Fitzpatrick 2007).

In summary, there was initially a considerable uncertainty about the feasibility of the
occurrence of sympatric speciation (Mayr et al. 1963; Tauber and Tauber 1989); however,
today this hesitation has been fundamentally resolved and no longer exists (Bush 1994;
Dieckmann and Doebeli 1999; Gavrilets and Waxman 2002; Via 2001). Necessary
prerequisites for the occurrence of sympatric speciation that were primarily defined as
extremely unachievable (Bush and Howard 1986; Bush 1993), today are considered as a
more readily achievable set of conditions (Doebeli 1996; Gavrilets 2004; Tregenza and
Butlin 1999). Today there are a substantial number of good examples (described in section
1.3.1) that indicate sympatric speciation is hypothetically more likely to happen than
allopatric and parapatric speciation (Barluenga et al. 2006; Berlocher 1998; Savolainen et
al. 2006; Sorenson, Sefc, and Payne 2003).



It is believed that speciation event is allopatric, if reproductive isolation is completed long
before secondary contact. But it is considered as sympatric, if there is still some sort of
reproductive isolation at the time of secondary contact (Rundle and Nosil 2005). However,
it is very challenging to determine whether a new species has been originated through
sympatric or allopatric speciation. Phylogenetic test can be applied to examine whether
speciation is allopatric or sympatric. For instance, numerous species of cichlid fish have
emerged in the East African lakes (Schliewen, Tautz, and P&&bo 1994), and it has been
evidenced that these species have arisen through sympatric speciation (Elmer et al. 2010;
Kautt, Elmer, and Meyer 2012; Malinsky et al. 2015). But how can we verify if these
species have evolved allopatrically or sympatrically? Phylogenic test has revealed that
African cichlids have emerged sympatrically. If the new specie occupies a geographically
different habitat compared to its ancestral species (separate lake in this case), then this
species has diverged allopatrically. But if the new species and its ancestor live in the same
habitat (the same lake in this example), this species has arrived sympatrically (Barraclough
and Vogler 2000; Berlocher 1998, 2000; Bush and Smith 1998; Via 2001). In another
example of application of this method, it has been proved that whereas pomonella group of
Rhagoleties has diverged rapidly through sympatric speciation, the congeneric suavis
group, which do not indicate any signs of host shift, has slowly split through allopatric
speciation (Bush and Smith 1998).

1.3.1 Well-documented Examples of Sympatric Speciation Identified Through Field
and Laboratory Studies

Insect species feeding on different host plant species mainly provide a strong well
documented evidence for the existence of sympatric speciation via host shift (Bush 1969;
Diehl and Bush 1984; Drés and Mallet 2002; Via 2001). Moving from one host to a new
one would initiate ecological speciation in the absence of geographic isolation and would
eventually lead to the formation of adaptation to specific ecological niches, and thereby
developing sympatric speciation (Price 1975; Soudi, Reinhold, and Engqvist 2016). Apple
and hawthorn flies (maggot fly, Rhagoleties pomonella) are considered as the best

examples to clearly illustrate the process of host shift and divergence that has happened
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due to the function of natural selection on preference for different food resources (Herron
and Freeman 2013; Ridley 2004). R. pomonella are considered as the pest of apple and
hawthorn fruits. Hawthorn tree and R. pomonella are native to North America. After
introducing apple trees to this region in 1864, this species was observed for the first time
exploiting apple fruits as the food resource. It seems that R. pomonella have moved to a
new food resource (host shift) more than 200 years ago. They shifted from hawthorn fruits
to apple fruits. This happened while R. pomonella were sharing their habitat with hawthorn
flies and this shift led to reproductive isolation resulting from an incompatible mating time
and habit choice. This host shift from hawthorns to apples was considered the initial step
toward sympatric speciation (Bolnick and Fitzpatrick 2007; Feder and Filchak 1999; Linn
et al. 2003). It has been demonstrated that R. pomonella exploiting different hosts are
indeed different genetic races with assortative mating. They have indicated significant
differences in their allele frequencies for six different enzymes. It means that host-related
adaptation caused by natural selection has developed a strong divergence between
Rhagoleties pomonella populations and as a result, they have split sympatrically by host
shifts (Coyne and Orr 2004; Feder et al. 1997, 1988, 1990; Filchak et al. 2000; Herron and
Freeman 2013; Hood et al. 2013; Ridley 2004).

Numerous examples of host-plant shifts in insect sister species have now been traced in
nature (Berlocher 1999; Claridge, Dawah, and Wilson 1997; Prowell, McMichael, and
Silvain 2004; Sezer and Butlin 1998; Wood and Keese 1990). This sympatric host-shift
speciation is not simply limited to insect species. Several instances among vertebrate
species has been also documented (Bolnick and Fitzpatrick 2007). For instance, African
indigobird of the genus (Vidua) act as brood parasites of different species (their hosts).
Mimicking the host’s courtship songs, male indigobirds manipulate their hosts into raising
their offspring. It has been proven that the preparation for reproductive isolation and
accordingly, the emergence of a genetically new species of indigobirds is started as soon
as a new host species has been selected by indigobirds (Sorenson et al. 2003). Intermediate
horseshoe bats (Rhinolphus affinis) and Pearson’s horseshoe bats (Rhinolphus pearsonii)
are also considered as a species having arisen from a sympatric speciation event.
Investigations have illustrated that although these carnivorous bat species have an

overlapped diet, they also have their own exclusive prey species. Therefore, Intermediate



horseshoe bats and Pearson’s horseshoe bats perfectly coexist in cave ecosystems without
any competitive interactions due to their different preferential foraging specializations,
thereby occupying diverse microenvironments of the cave ecosystem (Jiang et al. 2008).
Furthermore, there are two different species of three-spined sticklebacks living in small
lakes of coastal British Columbia that have diverged sympatrically more than 13,000 years
ago. These species possess different morphologies that are closely related to the habitat and
food resources that each species exploits; one species is limnetic with a smaller mouth and
the other one is a benthic species with a larger mouth. It has been demonstrated that
competition for food supply has played a central role in the evolution of these sister species
evolving sympatrically (Boughman, Rundle, and Schluter 2005; Rundle and Schluter 2004;
Rundle et al. 2000; Schluter and McPhail 1992; Svanbéck and Schluter 2012). Different
sympatric stickleback species show a significant variation in terms of their body size. This
is proven to be caused by disruptive natural selection pressure exerted by exploiting diverse
ecological habitats (Nagel and Schluter 1998).

Heliconiine butterflies sister species (Heliconius butterflies and their close allies
(Lepidoptera: Nymphalidae: Heliconiini)) show a comprehensive geographical
overlapping distribution. It has been evidenced that a substantial number of these sister
species has evolved through sympatric speciation. In total, 32 to 95 percent of speciation
events in this lineage has been sympatric speciation (Rosser et al. 2015). “Sister group is
defined as a single species or a monophyletic group that is the closest genealogical relative
of another single species or monophyletic group of species” (Wiley and Lieberman 2011).
Sister species have a shared ancestral species (Wiley and Lieberman 2011), and a taxon
containing two or more species including ancestral species and all of its descendants is
considered as a monophyletic group (Wiley and Lieberman 2011).

Fruit Doves (genus: Ptilinopus, family: Columbidae) have more than 50 species that inhabit
Pacific Ocean islands. Among them, there are two sister species (Red-moustached Fruit
Dove, Ptilinopus mercierii, and the White-capped Fruit Dove, Ptilinopus dupetithouarsii)
living in Marquesas Islands located at eastern Polynesia that have diverged sympatrically
(Cibois et al. 2014).

Nesospiza buntings living in the South Atlantic Tristan da Cunha archipelago islands (Ryan

et al. 2007), Geospiza finches in the Galapagos archipelago (Grant and Grant 2010; Huber
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et al. 2007), and Oceanodroma petrels living in in eastern Atlantic islands (Friesen et al.
2007) are other examples of the bird species that have sympatrically evolved.

Among mammals, blind subterranean mole rats (genus Spalax) living in northern Israel,
which was previously categorized as allopatrically or peripatrically emerged. But recently
it has been evidenced that this species has probably evolved through sympatric speciation
caused by ecological adaptation to different soil types existing in their geographic
distribution (Hadid et al. 2013). Subterranean Rodents foraging for underground food
supplies are largely influenced by physical characteristic of the soil they burrow in to search
for their food resources. This, in consequence, could lead to the emergence of adaptation

to different soil types and thereby, speciation (Lovy et al. 2015).

1.3.2 Theoretical, Mathematical and Individual-based Models and Sympatric

Speciation

“Sympatric speciation, the divergence of one evolutionary lineage into two in the absence
of geographic isolation, has a long history”(Berlocher and Feder 2002). The process of
exploration of sympatric speciation was initiated with the theoretical analysis suggested by
Maynard Smith in 1966 (Smith 1966) who emphasized the critical role of disruptive
selection in sympatric races (Grant and Grant 2010). Today’s hypotheses addressing
sympatric speciation consider a significant role for natural selection pressure exerted by
ecological factors (Rashkovetsky et al. 2015). Theoretical models that have been developed
to investigate sympatric speciation mainly focus on the fundamental role of disruptive
natural selection in the lineage-splitting event (Dieckmann and Doebeli 1999; Doebeli
1996; Kawecki 1997; Kondrashov and Kondrashov 1999; Tauber and Tauber 1977).

Felsenstein (1981) developed two different models, one-allele and two-alleles models, to
examine how habitat differentiation could lead to the emergence of sympatric species.
According to his results, unlike two-alleles models sympatric speciation happens easily in
one-allele model. It means that the occurrence of sympatric divergence was more difficult
in his two-alleles model (Felsenstein 1981).

Kondrashov’s “polygenic models of sympatric speciation” (1983, 1986) was another
evidence of the occurrence of sympatric speciation in nature (Kondrashov and Mina 1986;
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Kondrashov 1983, 1986).

Rice (1987; 1990) modeled the central role of the action of disruptive selection either on
habitat choice or on other traits in sympatric speciation (Rice and Salt 1990; Rice 1987).
Diehl and Bush (1989) modeled the process of shifting into new host and the functional
role of habitat choice in reproductive isolation in sympatric races (Diehl and Bush 1989).
Doebeli and Dieckmann (2000) applied a classical ecological model to indicate the
importance of selective pressure acting against intermediate phenotypes, which was
resulted from different ecological interactions including mutualism, competition, and
predation in evolutionary branching. They showed that the integration of population
genetics and mating mechanisms into ecological models could offer a pragmatic model for
testing the probability of the occurrence of sympatric speciation (Doebeli and Dieckmann
2000).

Thibert-Plante and Hendry (2009) utilized an individual-based model to investigate the
importance of mate choice, dispersal, gene flow, and natural selection pressure acting
against migration in speciation. In order to provide a better understanding of ecological
speciation and its underlying factors, in this study they measured the required time for one
population to inhabit a new ecological niche (Thibert-Plant and Hendry 2009). They found
that natural selection pressure acting against migration and hybrids plays a crucial role in
reproductive isolation, thereby affecting speciation. Additionally, according to this
investigation, mating preference also made a substantial contribution to ecological
speciation. Their modeling investigation demonstrated that when a subpopulation branched
from the main population and occupied a new habitat, environmental differentiation
between the new and the old habitat could quickly lead to reproductive isolation wherein
the subpopulation completely separates from the ancestral population. They concluded that
there is a nonlinear interaction between different parameters (fluctuating environmental
parameters, population size, dispersal, and mating preference) contributing to speciation
(Thibert-Plant and Hendry 2009).

They also carried out another individual-based modeling investigation in 2011 to examine
the potential factors (including competition, mating preference, and resource distributions)
influencing sympatric speciation. In this study, male foraging ability was the main

parameter exploited by females for the purpose of choosing their potential mates.
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Furthermore, the capacity of individuals to utilize available resources was based on their
phenotype and this capacity was used to model competition. According to the results of this
study, strong mate choice is a required criterion for the occurrence of sympatric speciation;
however, it is not enough. The authors found that among these three factors contributing to
sympatric speciation, mate choice and resource distribution are more important factors than
competition. Finally, they concluded that models involving several potential factors at the
same time are more capable of modeling sympatric speciation (Thibert-Plante and Hendry
2011).

Labonne and Hendry (2010) applied an individual-based model specifically designed for
guppies, Poecilia reticulate, to investigate how the interaction between sexual and natural
selective pressures could lead to ecological speciation. They explored the evolution of male
color within 20 generations under two different situations, low and high predation pressure.
Their results illustrated the significant evolution of a male trait, male coloration, caused by
divergent selection. This modeling study proved that the consequences of divergent natural
selection could be intensely adjusted through sexual selective pressure exerted by female
mating preference. They therefore concluded that estimations of ecological speciation
could be changed through sexual selection (Labonne and Hendry 2010).

Gras et al. (2015) utilized an IBM approach to explore the speciation process and the
primary reasons for the emergence of new genetic clusters (species) under three different
scenarios. Compact and distinct clusters were clearly detectable in the first scenario, where
individuals were subject to natural selection as well as spatial isolation. By contrast,
clustering was weaker in the second scenario (overlapping clusters), where individuals
were only subject to spatial isolation but not selection. Finally, the third scenario, where
there was no natural selection and spatial isolation but genetic drift alone, did not indicate
any signs of clustering (Gras, Golestani, Andrew P Hendry, et al. 2015).

Applying the same tool, Golestani, Gras, and Cristescu (2012) investigated how
introducing new physical obstacles to an artificial ecosystem could influence allopatric
speciation through alterations in population distribution and the patterns of gene flow
between subpopulations. They found that when building up the number of existing
obstacles in their virtual world, the rate of speciation increases so that there is a continuous

correlation between the number of obstacles and the speed of evolution. Their results also
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indicated that spatial distribution of existing species in their control runs (the virtual world
without any obstacles) was significantly less compact than their treatment runs (physical

obstacles included) (Golestani, Gras, and Cristescu 2012).

1.4 EcoSim and Sympatric Speciation

What is the importance of investigation of sympatric speciation? Verifying the occurrence
of sympatric speciation could benefit us to explain the existence of a significant proportion
of lineage diversification on Earth (Berlocher and Feder 2002). Furthermore, any attempt
that provide further clarification on sympatric speciation could reveal the significant role
of ecology in speciation (Orr and Smith 1998; Schluter 1998). Although there is no doubt
today about the possibility of the occurrence of sympatric speciation, it is not clear yet to
what extent sympatric speciation contributes to our planet biodiversity (Rosser et al. 2015).
Sympatric speciation and the question “how could a new species evolve without geographic
isolation?” are considered as the major unknowns in evolutionary biology (Kautt,
Machado-Schiaffino, and Meyer 2016; Kautt, Machado-Schiaffino, Torres-Dowdall, et al.
2016). Additionally, it is still controversial how ecological interactions could lead to

sympatric speciation through creating disruptive selection (Rundle and Nosil 2005).

Direct observation and following lineage through evolutionary time are introduced as the
best strategies to evidence sympatric divergence since no one could deny such a strong
proof (Berlocher and Feder 2002). Although a huge number of investigations have been
launched to shed light on the origin of species, sympatric speciation has not captured
enough attention due to theoretical difficulties (Coyne 1992; Rice and Hostert 1993).
Tracking speciation in complex organisms by means of field studies and experimental
observations, which are considered as the best method to document the occurrence of
sympatric speciation, is quite difficult on the grounds that speciation is a gradual genetic
divergence, which requires thousands of generations to occur (Berlocher and Feder 2002;
Bolnick and Fitzpatrick 2007; Coyne and Orr 2004). Therefore, it would be essential to
exploit the potential abilities of new techniques such as modeling approaches to overcome
such difficulties and thus obtain further insights. For instance, Individual-Based Models

(IBMs), which enable us to investigate thousands of generations through a reasonable time
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and cost, is considered as a fully functional tool that have been widely applied to simulate
ecological systems in order to offer a better understanding of speciation (Grimm and
Railsback 2013). Ecological system properties evolve from adaptive behavior of
individuals forming the system. Therefore, in ecology it is essential to fully comprehend
the relationship between emergent system properties and adaptive traits of individuals
(Levin 2007). Functionally, in the field of adaptive behavior and emergent properties IBMs
are considered as a pragmatic tool to investigate the evolving characteristics of targeted
system (Grimm and Railsback 2013; MacPherson and Gras 2016).

Considering the capabilities of IBMs in the area of evolutionary biology, we utilized an
individual-based modeling approach to acquire further ecological insights into sympatric
speciation and its underlying reasons. We employed a complex individual based evolving
predator-prey ecosystem platform called “EcoSim” (Gras et al. 2009) to look at preferential
resource usage causing selective pressure toward sympatric speciation. We explored the
speciation process in the absence of a pre-defined fitness function (Gras, Golestani, Andrew
P Hendry, et al. 2015), where the capability of individuals to cope with environmental
challenges (fitness) is determined thorough their interactions with their surrounding biotic
and abiotic environments (an emergent property). Three different trophic levels have been
included in this model and mobile prey and predator individuals follow a non-random
movement strategy influenced by many different factors including, but not limited to,
search for food, search for mating partner, socialization, evasion, and exploration. One of
the unique feature of the present approach is that unlike other models that simply assume
that living organisms only forage and do not have any other alternative activities, the
current modeling study gives careful consideration not only to performing fragging
behavior but also to all other activities that influence individuals’ fitness such as predator-
inflicted mortality. Each action has its corresponding sub-model and the complex
interactions between these sub-models determine individual’s movement patterns at any
time step. Each individual is able to perceive its environment and also its surrounding biota.
Then, based on these perceptions they choose one specific activity to perform. For example,
in foraging behavior or mate-searching activity, individuals perceive the closest food
resources or mating partner within their vision ranges and move towards these resources.

The speed of each individual determines when this individual will reach the food recourses
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or mating partner. Prey individuals also perform a predator avoidance behavior called the
evasion, which is the movement of prey individuals in the opposite direction of the closest

predators within their vision range (Gras et al. 2009).

Employing such a complex modeling approach, this study mainly focuses on crucial role
of food resource acquisition in sympatric speciation. In order to achieve this goal, herbivore
prey individuals were offered by two different choices of primary food resources, grass,
which differentiated from each other in terms of availability and amount of energy carried
by each. In other words, a dual food resource version of EcoSim was developed to create
the favorable conditions for the emergence of divergent feeding behavior. We called these
primary food resources: Food 1 and Food 2. While Food 1 were more available all around
the world, each unit of Food 2 contained higher amount of energy that could be exploited
by prey individuals feeding on this food resource. Therefore, prey individuals could choose
between diverse primary food resources with different properties. This, in consequence,
could lead to the evolution of food consumption specialization on specific food resource
with the purpose of achieving the optimal benefits in terms of reproductive success and net
energy income. In other words, by providing two food resources that differ from each other
(in terms of the rate at which each food resources is encountered and energy content of each
food resources), it is expected to observe the divergence of lineage into separate new
species in the absence of geographic isolations. The main focus of the present study was
exploring how competition for habitat and ecological specialization could contribute to
sympatric speciation. More specifically, in this study we investigate preferential resource
usage causing selective pressure toward sympatric speciation. Individuals from a single
population may choose to feed on two different food resources while they are living in the
same habitat. Under a strong force positively selecting for this, the initial population might
be split into two discrete subpopulations; each specialized on their own particular food
resource. Disruptive selection can exert selective pressure against hybrid individuals with
an intermediate feeding behavior trait. When selection favors individuals at only the
extreme ends of a feeding trait, individuals will become specialized on divergent food
resources. This, in consequence, leads to reduced fitness in individuals with an intermediate
expression of the trait, resulting from an inefficient exploitation of food resources (Lu and

Bernatchez 1999). For instance, compared to individuals with the extreme phenotype,
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hybrid individuals with intermediate phenotypes may experience a higher extent of
resource competition as their exploitation of available resources is inefficient (Dieckmann
and Doebeli 1999; Hatfield and Schluter 1999; Wilson and Turelli 1986). Generally
speaking, when selection favors extreme values of a specific trait against intermediate
values of this trait and diverges the initial population into two distinct subpopulations of
extremes, individuals with the intermediate value will be ultimately eliminated (Lu and
Bernatchez 1999). Thus, compared to extreme morphs that tend to be the more functional
phenotype, intermediate ones suffer a lower fitness (Griffith 1996). Reproductive isolation
may occur either because of assortative mating (as individuals feeding on one particular
food resource tend only to mate with each other) or due to a reduced probability of
successful mating between individuals of two different groups feeding on distinct food
resources (Lu and Bernatchez 1999). Accordingly, sympatric speciation subsequently

occurs due to the restriction of gene flow between subpopulations living in the same area.

In this study we asked two main questions; first, does divergent feeding behavior promote
sympatric speciation? If the answer to this first question is yes, then we would try to identify
contributing behavior pattern(s) that facilitate sympatric divergence and ask the second
question: what are specific pattern(s) shared between sympatric species that are primarily
responsible for the occurrence of sympatric speciation?

We needed to categorize existing species based on their preference for different food
resources. Two different method (FCM-Clustering Approach and Action-Perception
Clustering Approach) were separately applied to categorize existing species into three
different groups: species that were specialized on Food 1, species that were specialized on
Food 2, and species that did not express any preferences. Then, the obtained results of both
methods were compared to select the most efficient one to continue with. In order to answer
the first question (detecting any evidence of the occurrence of sympatric speciation), a
measuring tool was required to identify any indicators of the occurrence of sympatric
speciation. Thus, we employed four different requirement criteria for sympatric speciation
that were introduced by Bolnick and Fitzpatrick (2007). According to these requirements,
1. species undergoing speciation must be sister species; 2. there must be a complete
reproductive isolation between sister species; 3. there must be a complete (or extensive)

geographic overlap between these species; and 4. the occurrence of allopatric or parapatric
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speciation must be highly unlikely to be able to reject alternative hypotheses (Bolnick and
Fitzpatrick 2007). The following approaches were respectively applied to test each
requirement; applying phylogenetic analysis, quantifying the ratio of reproductive events
leading to hybrid offspring, calculating average distance of all individuals between sister
species, rejecting alternative hypotheses using the combination of phylogenetic tracking

and biogeographic data.

The first question was answered and we were able to detect several runs with enough
examples of sympatric species. Therefore, the second question (identifying underlying
reasons leading to sympatric speciation) was perused. As such, machine learning
techniques (including preparing the dataset, attribute selection, and classification) were
applied to determine the shared patterns among the runs with enough examples of sympatric
speciation, and thereby identifying influential conditions leading to sympatric divergence.
The original version of EcoSim, which only contained one type of primary food resource,
was also employed as the control treatment. Hence, single resource control simulations
were compared with dual resource simulations to gain further insights into the role of the
presence of different food resources in sympatric divergence. This study will be broadly

discussed in the next chapter.
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CHAPTER 2

UTILIZING AN INDIVIDUAL-BASED SIMULATION TO
INVESTIGATE THE IMPORTANCE OF SPECIALIZED FORAGING
BEHAVIOR IN SYMPATRIC SPECIATION

2.1. Introduction

As pointed out in the first chapter, this modeling study was initiated to investigate the
central role of foraging behavior in sympatric divergence. The adapted methods and

obtained results will be thoroughly discussed in this chapter.

2.2 Methods
2.2.1 EcoSim

EcoSim (Gras et al. 2009) is an individual-based evolving ecosystem simulation, written in
C++, and simulating a terrestrial tri-trophic dynamic food chain model of interacting
organisms including: primary producer (grass), primary consumers (herbivores or prey),
and secondary consumers (carnivores or top predator). This system has been used to study
diverse ecological questions such as: rate of speciation (Golestani, Gras, and Cristescu
2012; Gras et al. 2015), species extinction (Mashayekhi et al. 2014), and contemporary
evolution of prey in the presence of predators (Khater, Murariu, and Gras 2014).

The virtual world of EcoSim is a torus environment of 1000 x 1000 discrete cells. Each cell
contains an unlimited number of prey and predator individuals, but a limited amount of
primary resources. The resource amount and spatial distribution varies dynamically in time
(Golestani and Gras 2011). Prey and predator individuals live in a world consisting of
discrete cells. This model goes through separate time steps. During each time step, living
organisms perform different actions based on their perception of their surrounding

environment and of the other organisms that they are in interaction with. This, in
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consequence, influences the whole system. Prey and predator species coexist and they need
efficient, evolvable behaviors to be able to survive and adapt to the evolving virtual world
(Gras et al. 2009). The behavior of each living organism is coded in its genome and
implemented via a Fuzzy Cognitive Map (FCM) (Kosko 1986). As such, individuals are
able to perceive their environment using their FCM and then perform at any time step the
behavior they perceive as the most beneficial. This means that at every time step, each
individual will perform a unique action as determined by its behavioral model and its
surrounding environment. The FCM of each agent, being coded in its genome, thus allows
the evolution of the agent behavior through the simulation. As a result of utilizing such a
complicated modelling approach, each individual in EcoSim can express different and
divergent behavior (Gras et al. 2009).

The FCMs consist of directed graphs containing nodes that represent concepts and the
edges from one concept to another, which demonstrate the influences between concepts.
The influence of the concepts in an FCM with n concepts can be represented in an nxn
matrix. A positive weight associated with the edge eij corresponds to an excitation of the
concept c¢j from the concept ci, whereas a negative weight is related to an inhibition (a zero
value indicates that there is no influence of ci on ¢j). Individuals in EcoSim have three sets
of concepts: Sensitive (distance of individual from food, predator etc.), Internal (such as
fear, hunger etc.), and Motor (such as evasion of predators, eating, etc.). Sensitive concepts
are set by mapping a perception out of an environmental observation. At initialization, the
Sensitive concepts affect Internal concepts that in turn affect Motor concepts, but evolution
can add edges between any concepts allowing some complex feedback loops to emerge. A
number is associated with each concept, which is called the concept’s “activation level.”
Activation levels are updated at each time step, using a concept’s current activation level
and the weighted sum of other concepts’ activation levels affecting that concept,
transformed by a non-linear function. The activation level of a Sensitive concept is
computed by performing a “fuzzification” of the information an individual perceives from
the environment. For an Internal or Motor concept, the activation level is computed by
applying a de-fuzzification function on the weighted sum of the current activation level of
all the concepts having an edge directed toward it. Finally, the action of an individual is

selected based on the maximum value of the Motor concepts' activation level. Activation
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levels of Motor concepts are used to determine the next action of the individual and its
amplitude.

For example a simple FCM regarding two Sensitive concepts (foeClose and foeFar), one
Internal concept (fear) and one Motor concept (evasion) can have three influence edges:
closeness to a foe excites fear, distance to a foe inhibits fear, and fear causes evasion (Figure
2.1). Fuzzification of concepts foeClose (nearness to the predator) and foeFar (distance
from predator) provide the activation of the concepts depending on the distance of prey
from a predator. De-fuzzification of the evasion concept provides the speed at which preys
evade. Therefore, the FCMs are weighted graphs representing the causal relationship
between Sensitive, Internal, and Motor nodes. The activation levels of the concepts of an
individual are never reset during its life. Hence, the previous states of an individual
participate in the computation of its current state. Therefore, an individual has a memory
of its own past and this will influence the individual’s future states. As the action
undertaken by an individual at a given time step depends on the current activation level of
the motor concepts, the global behavior of the individual depends on a complex
combination of the individual's perception, the current internal states, and the past states it
went through during its life (Gras et al. 2009).
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In EcoSim every individual possesses its own properties, which are mostly related to
physical capabilities such as: age, minimum age for breeding, speed, vision distance, level
of energy, and the amount of energy transmitted to the offspring. Prey individuals obtain
their required energy through the consumption of the available primary producer (grass) in
the environment. Throughout the world, primary resource distribution is dynamic in terms
of quantity and location. Predator individuals prey on herbivores to satisfy their energy
needs. As a result of performing each action (eating, reproducing, etc.), each individual
loses some amount of energy based on the type of action performed and the complexity of
its behavioral model (the number of existing edges in its FCM). In this evolving system the
process of producing a new individual occurs when two individuals that possess essential
prerequisites for mating action (being in the same cell, both choosing to express
reproduction action as their first priority among other actions, having the minimum age of
reproduction, having the minimum level of required energy, and being genetically close
enough) perform a successful mating action. The produced offspring will inherit its parents’
genome combination with some mutations.

The notion of species is also implemented in this modeling system so that species will
emerge from the evolving population of agents. Accordingly, “species” is defined in this
model as a set of individuals with similar genomic characteristics, and the defined genome
of a given species results from the average genomic characteristics of all its individual
members. Speciation events in this simulation occur as a result of the emergent properties
of interactions between individuals in their spatial landscapes, where abiotic parameters are
initially invariant. As a result of this speciation mechanism, a species splits if the members
of the species are not genetically similar enough (based on a predefined threshold). If the
genomic similarity between two individuals of a particular species becomes smaller than a
predefined threshold, a speciation event occurs (Gras et al. 2009; Gras et al. 2015).
Consequently, the initial species is split into two sister species using a 2-mean clustering
algorithm (Aspinall and Gras 2010). The resulting sister species contains individuals that

show more intraspecific genetic similarity.
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2.2.2 Modeling Sympatric Speciation Using EcoSim Model

This study focuses on the relationship between the first and the second trophic level,
primary food resources (grass), and prey species to model resource-based diversification.
As such, a second type of food resource has been added to the model to provide more than
one food resource for prey individuals to feed on (see Figure Al, a and b in the Appendix).
In one single resource version (original version of EcoSim), FCM maps of prey individuals
contain four Sensitive and two Motor concepts that are directly related to the prey’s food
consumption. These Sensitive concepts are: Food Close, Food Far, Food Local High, and
Food Local Low. A Motor concept related to prey food consumption is Search For Food
and Eat. Hunger, Search Partner, Curiosity, Sedentary, Satisfaction, and Nuisance are the
Internal concepts in prey FCMs that are influenced by prey food consumption. In order to
avoid any initial bias regarding the introduction of a new food resource to the system, the
prey FCM is modified by adding four new Sensitive concepts of; Food Close 2, Food Far
2, Food Local High 2, and Food Local Low 2 as well as two new Motor concepts: Search
For Food 2 and Eat 2 (Figures A2.a in the Appendix changed to Figure A2.b in the
Appendix). New edges between Sensitive, Internal and Motor concepts in prey FCMs are
also added. The complete FCM maps of prey individuals after adding the extra source of

food is shown in Figure 2.2.
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The new food resource added to the system possesses specific characteristics (Table 2.1)
that we customized to create two different food resources that differ from each other in
their probability of diffusion, speed of growth, and the amount of energy obtained from
feeding on each food resource (the amount of energy transferred to a prey individual after
eating one unit of each food resource). In general, each unit of Food 2 contains a higher
amount of energy than that in one unit of Food 1. In other words, Food 2 tends to be more
valuable in terms of the amount of energy transmitted to prey consumers. However, Food
1 is more accessible as it grows faster and spreads throughout the world at a higher rate
than Food 2. Introducing dissimilar food resources with different levels of availability and
energy content to the simulated world creates the favorable conditions for the emergence
of food consumption specialization in prey individuals (either getting specialized on more
available food or food with higher energy content).
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Table 2.1 The main characteristics of food resources for the prey individuals

(Bandehbahman 2014)
Parameter Description Food 1 | Food 2 Food
(Standard
EcoSim)
Value Primary Energy value for a 250 400 325
Resource consumed primary resource
unit
Max Primary Resource | Maximum number of 4 4 8
primary resource units in a
cell
Speed Grow Primary Speed of growing primary | 0.3 0.2 0.3
Resource resource
Probability Initial Initial probability of 0.187 0.187 0.187
Primary Resource primary resource per cell
Probability Grow Probability of primary 0.0016 | 0.0014 0.0016

Primary Resource

resource diffusion
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2.2.3 Indicators of the Occurrence of Sympatric Speciation

Bolnick and Fitzpatrick (2007) defined four different basic requirements for the occurrence
of sympatric speciation: firstly, species undergoing speciation must be sister species;
secondly, there must be a complete reproductive isolation between these species; thirdly,
there must be a complete (or extensive) geographical overlap between these species; fourthly,
the occurrence of allopatric/parapatric speciation must be highly improbable to be able to
reject alternative hypotheses. However, it is difficult for empirical investigations to fulfill
these requirements. Computational simulations on the other hand, provide complete control
over a huge number of discrete factors and facilitate the development of models addressing
the complex interactions between species that give rise to sympatric speciation. Modeling
simulations take advantage of computational resources, and thereby enable us to closely
monitor and investigate speciation events in a reasonable time period. Additionally, these
modeling approaches facilitate the process of quantitative analysis of data. Considering the
pragmatic application of the modeling approach in investigating the speciation process, we
employed an IBM approach and followed the suggested requirements for the occurrence of
sympatric speciation as defined by Bolnick and Fitzpatrick (2007) and defined four criteria
(Table 2.2) that must be fulfilled in order to consider a speciation event as a “sympatric
divergence”. As illustrated in Table 2.2, four different methods were employed to test each
criterion. This criteria and applied methods will be further described in the following
subsections. As soon as one run was complete, a large amount of information about
individuals and species (e.g. their actions, their breeding information, and all the information
about their behavioral FCM model), as well as a complete set of information about their
surrounding environment (e.g. individual’s geographic location and the food abundance
distribution in the environment) were provided to analyze and evaluate the occurrence of
sympatric speciation. The first filter selected the runs in which divergent eating behavior had
occurred and species had expressed a significant preference for one specific type of food
resource (either primary resource Type 1 or Type 2). This filter was tested following the
protocol described in section 2.2.4. Observing preferential behavior for different types of
food resources among different coexisting species is interpreted as the first indicator of the
occurrence of sympatric speciation. The second step of the analysis process was evaluating

the four selected criteria, which will be discussed in section 2.2.5.
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Table 2.2. Sympatric speciation criteria and chosen strategy (Bandehbahman 2014)

Criteria (adopted from Bolnick and
Fitzpatrick (2007))

Strategy

1. Sister Species

Phylogenetic analysis

2. Complete reproductive isolation

Ratio of reproductive events leading to

hybrid offspring

3. Overlapping geographic ranges

Calculating average geographic distance

between all individuals of sister species

4. Allopatric/Parapatric alternative hypotheses

Rejecting alternative hypotheses using the
combination of phylogenetic tracking and

biogeographic data
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2.2.4 Species Categorizing Algorithm

Two different approaches (FCM-Clustering Approach and Action-Perception Clustering
Approach) were applied to detect species expressing preferential behavior toward one
specific food resource. Under the first approach, FCM-Clustering Approach, each species’
average behavioral model was analyzed. This means that the behavioral model (FCM) of
every individual of each species was averaged to obtain the average FCM for each species.
This value can be used to evaluate the extent of the preference expressed by each species
for each type of food resource to identify a species’ category. Under the second approach,
Action-Perception Clustering Approach, the action performed by individuals of each
species was examined. In other words, the real actions performed by individuals and also
individuals’ perceptions of their surrounding resources were taken into account to evaluate
whether they had any preferential behavior toward one specific resource or not. These
approaches are thoroughly described in the following subsections. Employing these
approaches enabled us to categorize species into three different groups based on their
preferences for different food resources: Group One, the species that were more likely to
choose Foodl rather than Food 2; Group Two, the species that had a preference for in
consuming Food 2; and Group Three, the species without any particular preference for

either food resource that simply chose the closest available food resource.

2.2.4.1 FCM-Clustering Approach

In order to determine if one species show preferential behavior toward a specific food
resource or not, the weighted sum of all the edges that had influence on the Eatl and Eat2
Motor concepts were separately calculated. Then, in order to categorize all existing species
to three different groups, a threshold was defined to differentiate between the associated
values of all edges coming to (influencing) the Eatl and Eat2 Motor concepts. If the
differences between the weighted sums assigned to Eatl and Eat2 were smaller than 0.5, it
was assumed that the species do not express any significant preference for either food
resource and was assigned to Group Three (species with no preference). However, if the

difference between the value associated to Eatl and the value associated to Eat2 was greater than

the threshold and the value of Eat1 was greater than the value of Eat2; then the species was assigned
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to Group One. In contrast, the species was categorized as Group Two under the opposite
situation (see Figure A3 in the Appendix). After categorizing all existing species into three
separate groups, the number of individuals belonging to each group was counted in each
time step and (see Figure A4 in the Appendix).

2.2.4.2 Action-Perception Clustering Approach

In the second approach, instead of using the FCM behavioral model (as employed in the
first approach), species’ real behavior was applied as the main criteria for the classification
of existing species into the three different groups (as discussed above). The rate of
performed Eat 1 and Eat 2 actions by each species and the average perception for each
species’ local food resource availability (Food 1 and 2) were taken into consideration. Five
simple logical rules were applied to evaluate these two criteria (see Table A5 in the
Appendix). The thresholds were chosen to ensure that the differences in behaviors and

perceptions were significantly strong (see Figure A5 in the Appendix).

2.2.5 Verifying Required Criteria of Sympatric Speciation
2.2.5.1 First Criterion: Sister Species

The first criterion was identifying the sets of sister species that were specialized on different
food resources. More precisely, it was necessary to consider any set of two species and
determine whether they are sister species (each other closest relative) or not. This
assessment had to be applied for all couples of species. Since every single individual of the
prey and predator species were trackable through evolutionary time in our simulation study,
we could simply construct the exact phylogenetic trees to determine the precise time of the
occurrence of speciation. Thus, the phylogenetic trees were made to distinguish species
with preference for one specific food resource. Consequently, this made it possible to
categorize species on their phylogenetic tree in terms of their expressed preference for
specific food resources. Based on the first criterion, three different categories obtained from

the previous step were used to find a set of sister species, one specialized on Food 1 and
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the other specialized on Food 2.

Phylogenetic trees were computed using information such as parent species ID, offspring
species 1D, and the time steps where speciation events occurred. The life span of each
species was applied to determine that species’ associated branch length in their
phylogenetic tree. It should be noted that this program also had the related information
obtained from the previous step regarding the species categorizing algorithm and their food
preferences.

We needed to apply a method to visualize species that belonged to different categories
(either specialized on Food 1 or Food 2), so that we could easily detect sister species with
different food resource specializations. Therefore, a graphical editor for phylogenetic trees
called TreeGraph (Stover and Miiller 2010) was applied. A truncated phylogenetic tree,
rooting on a speciation event occurring at time step 17400, is presented in Figure 2.3. This
represents a good example of a set of sister species that has met the first criterion. This set
of sister species has lived for more than 400 time steps, that is why the length of their
branches is so long. All other lines in this figure (shown in light blue and light red) indicate

other species with shorter life spans.

Since the phylogenetic tree of each run was huge, containing thousands of species and all
the speciation events, it was impossible to manually trace a set of sister species with
different food preferences. As such, an algorithm was developed to distinguish all sets of
sister species that met both of the following conditions: i. one of them was specialized on
Food 1, while the other one showed preference for Food 2; and ii. both were able to survive
for at least 100 time steps.

The speciation event in EcoSim is determined by a two-means clustering method.
Therefore, at any speciation event only two sister species emerge from a parent species.
This means that in cases where there is potential for the emergence of more than two sister
species, it is possible to observe two consecutive speciation events within a very short
period of time. In such cases, these species with such sequential speciation events are still
considered as sister species as long as the difference between their originating time steps is

less than five.
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Figure 2.3. A truncated phylogenetic tree centered on one species splitting in two sister
species each expressing a preferential resource behavior for Food 1(blue bold) or Food 2
(red bold). The length of the branches are proportional to the number of time steps. A set
of sister species presented in bold color (red and blue) is detectable in this figure, each
indicating different food preferences (in each color). The branch in the color of bold blue
belongs to Group 1 with preference for Food 1, whereas its sister species, the branch in
the color of bold red, belongs to Group 2 specialized on Food 2 (Bandehbahman 2014).
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2.2.5.2 Second Criterion: Complete Reproductive Isolation

The second criterion was to ensure that there was a complete reproductive isolation between
sister species that had already passed the first criterion. This criterion quantified the extent
of reproductive isolation between sister species. The level of reproductive isolation
between two sister species could be determined by measuring the number of occurrences
of hybridization events. In other words, reproductive isolation level would be low if sister
species frequently mate with each other and reproduced hybrid offspring. Therefore,
measuring hybridization events was used to determine the level of reproductive isolation
between sister species. The hybridization events were calculated as a ratio of all
reproductive events that had occurred between all individual members of two sister species
through evolutionary time. This ratio, then, measured intra- and inter-specific reproduction
events. As the parents of each single individual were trackable in our simulation study, we
only needed to go through all individual members of each sister species (that had already
passed the first criterion) and calculate the ratio of intra-specific reproduction versus inter-
specific reproduction occurring at each time step. The calculated hybridization ratio
indicated that there were no occurrences of hybridization events between identified sister

species from the first criterion.

2.2.5.3 Third Criterion: Overlapping Geographic Ranges

Spatial distribution of species was also examined to ensure that the two sister species
occupied the same geographic habitat. In nature, dispersal ability of all individuals of one
particular species determines the spatial extent of the habitat occupied by that species
(Bolnick and Fitzpatrick 2007). In studies focusing on resource distribution or host-plant
mediated interactions, what matters is the dispersal ability of every single individual rather
than the average of the population’s dispersal ability as a whole. To validate our third
criteria, it was necessary to verify that speciation events occurred among individuals
sharing the same geographical range. Thus, for all individuals belonging to either of two
sister species (that had passed the first and the second criteria), the average distance was
measured in number of cells for the first 200 time steps after the occurrence of a speciation
event. Using this information we were able to calculate the minimum distance between the
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two closest individuals, the average distance of the 200 closest individuals, and the average
distance between all the individuals in either sister species to determine the level of
geographical closeness of species (Figure A6 in the Appendix).

Furthermore, to get an idea about the distance between the set of candidate sister species
(that had already passed the first and the second criteria) compared to the distance between
all other sister species in the simulation (that had not arisen through sympatric speciation),
the above parameters (the minimum distance, the average distance of 200 closest, and the
total average distance) were also measured between all other sister species. The
measurement of the minimum and the average distance between all other sister species
provided an estimation about the level of cohabitation. Thereby, we could define a
threshold for the highest acceptable minimum and maximum distances between the
individuals of the candidate sister species. These thresholds could be, ultimately, used to
examine the third criterion. In other words, it is crucial to know: i. what is the highest
acceptable minimum distance, and ii. the maximum acceptable average total distance
between the individuals of the sets of candidate sister species. According to the obtained
results, the average geographic distance between individuals of the candidate sister species
was significantly less than the average distances between all other sister species.
Furthermore, in order to make sure that this important criterion (shared geographic habitat)
was met, the statistical significance of the distances between every set of candidate sister
species and all other sister species were also calculated through a T-Test. The result of this
T-Test demonstrated that the distances between the candidate species (species that had
already passed the first and the second criteria of sympatric speciation) were significantly
differentiated from the distances between all other sister species. More importantly, the
thresholds were estimated; i. the minimum distance between the individuals of the sets of
candidate sister species and the average distance between their closest 200 individuals must
be zero (less than 0.01) during the first 50 time steps after the speciation. Also, ii. the total
average distance between the sister species populations must be less than 13 during the
same time (the first 50 time steps after the speciation).

In summary, as the third criterion, the distances between individuals of the candidate sister
species (all couples of sister species, which had already successfully passed the two

previous required sympatric speciation criteria) were measured.
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When the distances for the individuals of the candidate sister species were equal or below
the thresholds, this couple of sister species were considered to have passed the third
required criterion, which implies that this particular couple of sister species occupies the
same geographical habitat. More precisely, if the minimum distance between individuals
of a couple of sister species and the average distance between their closest 200 individuals
was 0 during the first 50 time steps after the speciation event, and also at the same time the
total average distance between their populations was less than 13, this couple of sister

species, then, fulfilled the third criterion.

2.2.5.4 Fourth Criterion: Rejecting Alternative Hypothesis (Allopatric/Parapatric

Speciation)

In evolutionary modeling studies, it has been proven that sufficient evidence of the
biogeography and evolutionary history of a sister species couple is required to validate the
emergence of a new species through sympatric divergence, and reject the possibility of their
resulting from allopatric or parapatric processes (Bolnick and Fitzpatrick 2007; Coyne and
Orr 2004). In this study, the biogeography of the two species in relation to one another was
taken into account under the third criterion and the species’ phylogenetic lineage was
examined through the first criterion.

The last required criterion was to reject the alternative hypothesis of allopatric and
parapatric speciation, to attest that the two species supposing to have arisen through
sympatric speciation have not undergone any geographic isolation. One of the advantages
of this study is that it was possible to track all the phylogenetic and biogeographic
information of every single individual within the populations. As a result of such a
population tracking capability, sampling errors that are intrinsically unavoidable in
experimental investigations were eliminated from this modeling study. This study enables
us to follow the complete biogeographic and phylogenetic history of all species through
evolutionary time. Furthermore, there were no physical barriers in EcoSim that could
restrict individuals’ dispersal and movement to isolate the populations. As such, as soon as
the first three criteria are met, the fourth criterion is also automatically met, and

consequently, the possibility of the contribution of alternative hypothesis
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(allopatric/parapatric divergence) is contradicted.

2.2.6 Experimental Conditions

In order to detect the implications of resource partitioning on sympatric speciation, more
than 50 runs of the dual resource version of the EcoSim with different initializations in
terms of the foods’ specifications were executed on SHARCNET?. Each run was executed
for about three months and provided 25000 time steps, which was long enough to observe
the evolutionary behavior of the species. The process of evaluation of simulations for
monitoring speciation phenomena was started at time steps 15,000 — 20,000, when
populations had enough time to stabilize. All necessary data was stored individually for
each simulation. Furthermore, 10 runs of the classic version of the EcoSim with only one
food resource were also submitted as the control. The initial number of prey and predator
in each run was 12000 and 4900 respectively.

2.3. Results and Discussion

The Action-Perception Clustering Approach (which categorized species into three groups
based on the actual behavior of the individuals) provided a significantly higher number of
sister species fulfilling the sympatric speciation requirements compared to the FCM-
Clustering Approach (which categorized species into three groups based on their FCM
behavioral model). Under the FCM-Clustering Approach, only between 1 and 4 instances
of sympatric speciation were tracked in each run. However, under the Action-Perception
Clustering Approach, the number of observed instances of sympatric speciation in each run
was between 11 and 53 (Table 2.3). The reason behind such a difference is that the FCM-
Clustering Approach did not differentiate between the importance of the concepts
influencing the Eat 1 and Eat 2 actions. For instance, some genes may be associated with

an important concept in an FCM, which has a positive influence on eating action. At the

1. This work was made possible by the facilities of the Shared Hierarchical Academic Research Computing
Network (SHARCNET): www.sharcnet.ca and Compute/Calcul Canada.
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same time, other genes may be related to a less important concept, which could then
negatively influence on eating action. However, the importance of the concepts
corresponding to genes influencing the Eat 1 and Eat 2 actions was not included in
calculating the weighted sum of the genes. Therefore, the weight effect of an important
positive gene was not compensated for by a negative less important gene with the same
absolute weight of influence on the eating action. In consequence, some species
specializing on one specific food resource may not have been found by simply examining
their FCM through the FCM-Clustering algorithm. In general, five runs with more than ten
candidate instances of sympatric speciation, seven runs with one or two candidate
instances, and eight runs with no candidate instance of sympatric speciation (the total
number of submitted test runs was twenty) were observed in total.

The three criteria were implemented on the five runs with the highest number of observed
instances of sympatric speciation. Table 2.3 summarizes how speciation events were
filtered step by step. As it can be observed, most of the speciation events have been filtered
out after applying the first criterion, leaving the sister species that were specialized on
different food resources and that had a life span greater than 100 time steps. Interestingly,
all sets of sister species that passed the first criterion also successfully met the second
required criterion (they were also found to be reproductively isolated). In some runs, a small
number of sister species that had passed the first and the second criteria, failed to fulfill the
third criterion since they lived too far from each other (Table 2.3).

The results of these five runs were used to create a dataset to investigate the probability of
the occurrence of sympatric speciation. Although we observed very promising results in all
runs, presenting all the results obtained from these five runs is beyond the scope of this
study. The results presented here focus on run 4 since this run had the highest number of
the occurrences of sympatric speciation. However, we obtained similar results for the other

four runs as well.
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Table 2.3. Initial number of sister species and the number of sister species that

successfully met each of the required criterion in five runs with the most promising

results of the occurrences of sympatric speciation (Bandehbahman 2014)

Sets of sister species
Runs | Initial After applying the first | After applying the | After applying the third
number | criterion second criterion criterion
of sister | FCM- Action- FCM- Action- FCM- Action-
species | Clustering | Perception | Clustering | Perception | Clustering | Perception
Clustering Clustering Clustering
1 8449 2 12 1 12 1 12
2 9106 1 13 1 13 1 11
3 10173 |1 19 1 19 1 17
4 10880 |4 53 4 53 3 47
5 9770 2 15 2 15 2 15
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2.3.1 Obtained Results From Run 4

The total abundance of the different food resources is shown in Figure 2.4. As mentioned
earlier, Food 1 had a relatively higher probability of diffusion and grew faster than Food 2.
On the other hand, Food 2 was less available but was a more valuable resource regarding

the amount of energy transmitted to prey.

As described earlier, we were able to track the rate of any successful or failed action
performed by prey individuals. The rate of successful or failed searching action for Food 1
and Food 2, (as a ratio to all performed actions by all prey individuals at each time step), is
represented in Figure 2.5 for the two food resources. The very low level of a failed
searching for food action shows that prey individuals in this run did not face any difficulties
in finding either of the food resources.

Another important action that was investigated in this study was the eating action
performed by prey individuals, feeding on two different food resources. Figure 2.6 indicates
the ratio of the number of successful or failed eating actions performed to the total number

of all actions performed by all prey individuals at every time step.
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Figure 2.4. The total resource abundance of Food 1 (blue) and Food 2(red) in different
time steps (Bandehbahman 2014)
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Figure 2.5. The success or failure of searching for each food resource as a ratio to all

actions performed by all prey individuals at every time step (Bandehbahman 2014)
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Initially, the rate of eating Food 1 is significantly higher than the rate of eating Food 2
(Figure 2.6). This is because at the beginning of the simulation, prey individuals were not
specialized on any specific food resource and they simply fed on the most available food
resource (Food 1) (Figure 2.4). Starting approximately from time step 20,000 the rate of
eating Food 2 suddenly built up (an increasing trend for Eat 2 action; Figure 2.6), and at
the same time, an evident decreasing trend for the Eat 1 action occurred. As such, the ratio
of these actions (Eat 1 and Eat 2) crossed each other near time step 22,000. Accordingly,
from time step 22,000 the rate of the Eat 2 action was clearly higher than the rate of Eat 1
(Figure 2.6). Initially, there was no food consumption specialization and the majority of
individuals consumed the more abundant food. However, after the occurrence of food
specialization at time step 22,000, the consumption rate of Food 2 was greater than that of
Food 1, although Food 2 was less available than Food 1. This means that, although there
were higher costs and risks associated with the exploitation of Food 2 (such as “longer
search time, vulnerability to variation in habitat abundance, etc.” (Kawecki 1997)),
specialization evolved nevertheless.

Resource preference distribution for Food 1 (blue), Food 2 (red), and for both food
resources (green) is illustrated in Figure 2.7. Starting near time step 22,000, a large
proportion of the prey population specialized on Food 2 despite a higher availability of
Food 1 (Figure 2.7). This explains the observed increase in the Eat 2 action after time step
22,000 (Figure 2.6). Looking back to Figure 2.4, it is demonstrated that while the difference
between the availability levels of Food 1 and Food 2 follows a steady trend, starting from
time step 22,000 this difference begins to increase, which reflects the effect of the

preference for Food 2.
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Figure 2.6. The successful and failed eating action on each type of food resource as a ratio
to all actions performed by all prey individuals at every time step of the simulation
(Bandehbahman 2014)
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2.3.2 Comparing Sympatric Sister Species with Non-sympatric Sister Species

All sets of sympatric sister species (that had passed sympatric speciation requirements)
were compared with all other sets of sister species (called non-sympatric sister species) in
the simulations that failed to meet at least one sympatric speciation requirements. In other
words, all sets of sister species (either sympatric or non-sympatric) with a minimum
lifespan of 100 time steps in the duel resource version were compared with each other in
terms of the hybridization ratio (between sister species) and the average geographical
distance (between sister species) following the application of the same methods employed
for testing the second and the third required criteria for the occurrence of sympatric
speciation. Obtained results enabled us to draw a comparison between sympatric and non-
sympatric sets of sister species in terms of the reproductive isolation level and the amount
of geographical overlapping. This potentially illustrates the importance of required
conditions for sympatric divergence.

As it is indicated in Table 2.3, there were five runs that each contained more than 10
candidates for the occurrence of sympatric speciation. These runs were used to calculate
the hybridization ratio between the individual members of the sister species as well as the
average geographical distance between their individuals. These distances were calculated
for all sets of sister species with a minimum lifespan of 100 time steps (Figure 2.8, a and
b).

Figure 2.8 represents the scatter plot (a) and logarithmic plot (b) of the hybridization ratio
and the average geographical distance between all individuals of all sister species in the
dual resource simulations. Each red circle represents a candidate couple of sympatric sister
species showing the level of the hybridization ratio between their populations and the
average geographical distance between their individuals. Each green circle indicates a
couple of sister species which failed to meet at least one of the required criteria and are thus
categorized as non-sympatric sister species. According to this figure, the sympatric sister
species (red circles) are strongly clustered in the lower left part of the graph, whereas the
non-sympatric sister species (green circles) are distributed along the two axes. This means
that the non-sympatric sister species were either not completely reproductively isolated or
that they lived in a non-overlapping area. The differences between sympatric and non-

sympatric sister species are even stronger when presented in the form of logarithmic plot

56



(Figure 2.8, b). For the occurrence of sympatric speciation, divergent species are required
to inhabit the same habitat and share the same geographical range as their common ancestral
species (Berlocher and Feder 2002; Coyne 2007; Ridley 2004). Therefore, it was expected
to observe sympatric species exclusively in overlapping geographical habitats, in the
absence of geographical isolation. More importantly, this study demonstrated how
exploiting different resources could exert disruptive selective pressure. This process
thereby induces the formation of barriers to gene flow (reproductive isolation) and
consequently, the emergence of new sympatric species (Kautt, Machado-Schiaffino, and
Meyer 2016; Rice and Salt 1990; Rundle and Nosil 2005; Schluter 2001). This modeling
study therefore indicates that sympatric speciation could result from assortative mating
driven by differential resource use as a divergent selective pressure. In this study, we
showed that ecological divergence in the form of diverse feeding preferences and
differential foraging behavior could lead to reproductive isolation and thereby, the
emergence of sympatric species. Similar results have been observed in natural populations.
For instance, 11 different cichlid species all share the same ancestral species (tilapiines
cichlid). Each of these species specializes on a particular food resource. Schliewen, Tautz,
and P&ébo (1994) proved that these species have sympatrically diverged from their
common ancestor species (Schliewen, Tautz, and Paabo 1994). Furthermore, two species
of three-spined sticklebacks have been verified to have arisen through sympatric speciation
as a result of becoming specialized on different food resources (Boughman, Rundle, and
Schluter 2005; Rundle and Schluter 2004; Rundle et al. 2000; Schluter and McPhail 1992;
Svanbéck and Schluter 2012).
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Figure 2.8. The scatter plot (a) and logarithmic plot (b) of the hybridization ratio and the
average geographical distance between all individuals of sister species in the dual
resource version of EcoSim. Red circles represent sympatric sister species, while green

circles shows non-sympatric sister species (Bandehbahman 2014).
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Moreover, all sets of sister species in the dual resource simulation that had a minimum
lifespan of 100 time steps were compared with all sets of sister species with a lifespan of
more than 100 time steps in the single resource simulation (control simulations). In order
to illustrate the importance of the presence of two different food resources in sympatric
divergence, a comparison was made between all sets of sister species from the dual and
single resource simulations (Figure 2.9, a and b).

Figure 2.9 shows the scatter plot (a) and logarithmic plot (b) of the hybridization ratio and
the average geographical distance of the sister species for both the dual and single resource
simulation versions of the EcoSim. Again, the differences are easier to spot in the
logarithmic plot (Figure 2.9, b). The blue circles show all sister species in five classic runs
of the single resource version of EcoSim, while the red and green circles correspond to the
dual resource version of EcoSim. Again, the red circles indicate sympatric sister species
and the green circles signify non-sympatric sister species. According to this figure, there
are no examples of sister species fulfilling the required criteria in the single resource runs,
and species that met the required criteria are all from the dual resource simulations.
Therefore, this model demonstrated that divergent foraging behavior could potentially
result in reproductive isolation between sister species and eventually lead to sympatric
speciation.

This study indicates how environmental variation in the case of diverse resource acquisition
could play a very fundamental role as the main driver of divergent selection leading to the
evolution of sympatric races. This observation supports previous claims regarding the
crucial role of “ecologically-based divergent selection” (Rundle and Nosil 2005) and
divergent selection caused by environmental variances (Schluter 2000) in the evolution of
sympatric species.

When one population is offered different choices of food resources, a proportion of the
population may begin exclusively exploiting one particular resource, and this could initiate
a barrier to gene flow between this part of the population and the main population. That is
why natural selection is considered the most central factor in the emergence of new species
(Feder et al. 1997; Feder, Chilcote, and Bush 1988; Filchak, Roethele, and Feder 2000;
Hendry and Kinnison 2001; Nosil, Crespi, and Sandoval 2002; Rundle et al. 2000). Our

observation is also consistent with studies that consider ecological interactions to have an

59



extremely important role among living organisms as a source of divergent selection in
sympatric speciation (Rundle and Nosil 2005; Turelli, Barton, and Coyne 2001).

These results therefore support the main hypothesis of this modeling investigation
regarding the importance of the presence of multiple resources in sympatric divergence. It
has been established that different local environments could result in the evolution of
distinct characteristics, and consequently lead to the emergence of sympatric species
(Schemske and Bradshaw 1999). In fact, specialization on different food resources exerts
varying extents of ecological forces that lead to the emergence of prezygotic isolation
through natural selection (Turelli et al. 2001). African Finches (Pyrenestesostrinus),
Salamander (Ambystomatigrinum), and Arctic Charr (Salvelinusalpinus) are typical
examples of vertebrate species that have indicated discrete intraspecific morphs, varying in
food and habitat preference, and have evolved to exploit diverse resources (Skulason and
Thomas B Smith 1995). Indo-pacific goby and its sister species are another example that
could clearly illustrate the fundamental role of foraging behavior in a lineage-splitting
event. Scientists have identified a brand new species of goby within the range of the Indo-
pacific goby species’ habitat that is in fact its sister species and is exclusively specialized
on a distinct coral host (Munday, van Herwerden, and Dudgeon 2004).

Reproductive isolation or the emergence of barrier to gene flow might occur either before
or after the formation of a hybrid zygote (respectively called the prezygotic or postzygotic
isolating mechanisms) (Ridley 2004). It is believed that compared to postzygotic (e.g.
hybrid sterility), a prezygotic isolation (e.g. behavioral mating preference), which is
considered an “earlier-evolving barrier to gene flow”, plays a more significant role in the

speciation process (Network 2012).
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sympatric sister species respectively (Bandehbahman 2014).
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2.3.3 Do Sympatric Species Share Some Common Patterns?

We applied machine learning techniques to find the shared patterns among sympatric
species in the five runs with more than 10 instances of sympatric speciation events. As
such, three steps were followed (preparing the dataset, attribute selection, and
classification), to analyze the results of these runs for further detailed information

concerning the specific conditions leading to sympatric speciation.

2.3.3.1 Preparing and Preprocessing the Dataset

The results obtained from the five runs that had a high number of occurrences of sympatric
speciation were used as the main dataset for applying the machine learning methods. In this
dataset, sympatric species were labeled as positive instances, while other sister species at
the same period of time were marked as negative instances. Initially, we included all
attributes describing the species and their environment to create the initial dataset. These
81 attributes covered a broad range of information including general species information
(such as population size of each species, their interbreeding ratio, and the amount of their
energy transferred to an offspring), and behavioral specifications (such as the frequency of
each action, and an individual’s perception of their environment).

Accordingly, five initial datasets were created from the five different runs. However, four
of them were imbalanced, meaning that the number of positive samples was only one third
of the number of negative samples. This can negatively affect the machine learning
method’s ability to discover significant rules. One main approach to solve the imbalanced
dataset problem is to either oversample the minority class or undersample the majority class
(He and Garcia 2009). Therefore, for those four imbalanced datasets, we applied the smote
algorithm (Chawla and Bowyer 2002) to resample the minority class, which corresponded
to our sympatric species (positive samples). After balancing the datasets, each had
approximately 6000 to 7000 instances, where each instance contained the values of all the

attributes describing one species (either in the positive or negative class).
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2.3.3.2 Attribute Selection

Each attribute describes one particular characteristic about a species, but not all attributes
impact sympatric speciation. Thus, the most influential attributes were identified to classify
the datasets in a way that will generate the most accurate results. Consequently, different
attribute selection methods were used and their results were combined to select the attribute
subset that most significantly discriminates between the two classes. We used the Info Gain
Attribute Evaluator implemented in Weka (Hall et al. 2009), combined with the Ranker
search method and Cfs subset Evaluator in three different search methods (including Best
First, Greedy Stepwise, and Genetic Search) (Hall et al. 2009). Subsequently, all attributes
were sorted by their corresponding scores, returned from the Ranker plus Info Gain
Attribute Evaluator. The Ranker, combined with the Info Gain Attribute Evaluator,
assigned a score to each attribute based on their relative importance for the learning process.
The lower the rank of an attribute, the higher the importance. The Best First search method
combined with the Cfs subset Evaluator only selected 8 attributes, corresponding to
attributes already having a high importance based on the Ranker and Info Gain Evaluator
combination. The Greedy Stepwise method combined with the Cfs subset Evaluator also
returned a rank for the first 20 most important attributes. The Genetic Search method
combined with the Cfs subset Evaluator was applied on a 10-fold cross-validation attribute
selection basis. If an attribute was selected by evaluation of all 10 folds, a score of 100%
was assigned to that attribute. Similarly, if an attribute was not selected by the evaluation
of any fold, a score of 0% was assigned to that attribute. Accordingly, the attributes with
the lowest score from all the attribute selection methods were removed. For this purpose,
we removed attributes with a score of less than 30% from the Genetic Search and Cfs subset
Evaluator, or with a rank higher than 40 on the Ranker and InfoGain attribute Evaluator.
Since the removed attributes also had a low score in the GreedyStepwise+Csf method, they
were not selected by the BestFirst+Csf method. As a result, the number of the attributes
was reduced to 29. The list of these attributes is provided in the Appendix (Table A6 and
AT).
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2.3.3.3 Classification
2.3.3.3.1 Specific Rules Associated to Each Run

The J48 classifier in Weka (Hall et al. 2009), the CRF combined rule extraction and feature
elimination method in supervised Random Forest classification (Liu et al. 2012), and the
Random Forest classification combined with feature selection using hill climbing method
(Mashayekhi and Gras 2015) were applied to each dataset individually to find a fit method
for classification.

First, each dataset was tested separately to extract the rules on each run. Then, all datasets
were combined to identify the shared patterns among all runs. The J48 classification
method returned a lower number of rules than the Random Forest methods. However, the
Random Forest method provided the highest level of accuracy of classification, whereas
the accuracy obtained with J48 was still reasonably high. Hence, we decided to use the J48
classifier to classify each dataset separately since it returned the lowest number of rules
with a high accuracy.

J48 classifier was used with different attribute selection methods to find the minimum
number of attributes, the minimum number of rules, and the highest accuracy. The
classification started with the 29 attributes, selected using the attribute selection method
(section 2.3.3.2). We pruned the decision tree by increasing the minimum number of
instances per leave as this technique helped us to decrease the number of rules, which
facilitated an explanation of the rules related to each class. A small part of each dataset was
put aside to be utilized as a validation set. Hence, each dataset went through each step
(pruning and removing attributes) separately. Starting with 29 attributes and 17 rules, it was
possible to reduce down to 5 attributes and 11 rules. Consequently, the total accuracy
declined from 96.26% to 86.79%, with the advantage of obtaining a reasonable number of
short rules for interpretation. However, an accuracy greater than 86% is sufficient to capture
the main properties and to provide a primary analysis of the conditions leading to sympatric
speciation. As an example, the decision tree generated for Run #2 is presented in Figure
2.10 (the trees obtained from the other runs are given in the Appendix, Figure A7-Al1l). As
is noticeable in this example, sympatric speciation has occurred at low values of disEvol
(the average genetic distance between the initial reference genome and the current

genomes). The evolutionary distance (disEvol) is always increasing with time; therefore, a
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low value of disEvol represents the beginning of the data measurement near time step
20,000 when the food specialization process was about to begin. This means that sympatric
speciation has occurred at the beginning of the food specialization process, when an initial
specialization on different food resources was developing (Figure 2.10).

The same pattern was observed in all other generated decision trees (Figure A7-Al1l).

The rules generated by the decision tree for this run (Run #2) demonstrated that sympatric
speciation had mostly occurred at the beginning of the food specialization (disEvol low,)
except when the species’ spatial distribution was large (diversitySpatialRatio high). Under
this circumstance, two different reinforcements were needed for the occurrence of
sympatric speciation. First, sister species required a high number of genes in their genomes
(nArc high). This is intuitive since more genetic diversity results in a higher mutations rate
and thereby, drives a faster genetic divergence. Kawecki (1996, 1997) illustrated the
importance of the accumulation of beneficial or deleterious mutations corresponding to
habitat and resource exploitation. His research showed that disruptive selection through
habitat-specific deleterious or beneficial mutations could result in sympatric speciation
(Kawecki 1996, 1997). It has been proven that the expression of a habitat preference
behavior could be spread among the gene pool of an initially random dispersing population
via beneficial (Diehl and Bush 1989; Kawecki 1996; Rice 1987; Smith 1966) or deleterious
(Kawecki 1997) mutations, when selective pressure favors habitat preference over
generalism. This eventually leads to the evolution of polymorphism and sympatric
divergence.

The second condition occurred when species contained a large number of individuals
(individualRatio high). This means that species with a larger population size (compared to
the whole populations of all species living in the simulation’s world) had a higher chance
of experiencing sympatric speciation. This observation supports the claim that the extent
of genetic diversity builds up with an increasing effective population size (Frankham 1996).
Additionally, as mentioned above, such increased genetic variability leads to a more diverse
ancestral gene pool and thereby, increases the chance that sympatric speciation will occur
(Kawecki 1996, 1997).
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Figure 2.10. Decision tree corresponding to Run #2 with 11 rules (Bandehbahman 2014)
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2.3.3.3.2 Generic Rules Valid for All Runs

The results of all the five runs were united to create a dataset to identify the shared patterns
between all their sympatric species. The validation set consisted of 30% of the dataset put
aside. Two methods of feature selection (the Info Gain Attribute Evaluator implemented at
Weka (Hall et al. 2009) with the Ranker Search method, and the Cfs subset Evaluator with
the Genetic Search method) were employed. Initially, 81 attributes were present in the
dataset. First, the attributes were removed with scores less than 30% in the Cfs subset
Evaluator with Genetic Search method or those with a rank higher than 30 in the Info Gain
Attribute Evaluator with the Ranker search method were removed. As a result of the first
step of feature selection, 25 attributes remained. Although a high number of attributes were
removed, the total accuracy only dropped by approximately 1%, (from 97.25% [with 81
attributes] to 96.34% [with 25 attributes]). Accordingly, the number of rules decreased from
69 (with 81 attributes) to 56 (with 25 attributes).

In a second step, the J48 classification method was applied to the dataset with the remaining
set of attributes. The tree pruning method was also utilized by increasing the minimum
number of objects per leaf, which led to a decrease in the number of leaves and thereby, a
decrease in the number of rules per class. The amount of pruning was chosen to
significantly decrease the number of rules when keeping the total accuracy at a reasonable
level.

The total accuracy marginally declined to 94.95% and the number of rules dropped to 42.
These steps were repeated three more times and 13, 11, and 9 attributes were selected
respectively after each step. The decision tree returned by the J48 classifier on all datasets
combined together with 11 attributes and 20 rules is shown in the Appendix, Figure Al1l.
In order to estimate how generic the discovered rules were, the classification process was
repeated five more times. Each time the results of four out of the five datasets were united
to use as the training set, while the results of the fifth dataset were exploited as the
validation set. The attributes with the lowest score (as previously discussed) were removed
step-by-step by applying the Info Gain Attribute Evaluator implemented in Weka (Hall et
al. 2009) with the Ranker search method, and the Cfs subset Evaluator with Genetic Search
method leading to the selection of 10 attributes. The J48 decision tree and Random Forest

classification methods were also used in each experiment.
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As was expected, the total accuracy of the validation set in this experiment was much lower
than the total accuracy of the 10-fold cross validation on the training set. This was due to
the validation set having been created from the results of a different run. We observed that
the Random Forest method strongly outperformed the J48 algorithm on the validation set
and had a consistently higher accuracy on the training set.

The averages of the classification results of the five experiments are summarized in Table
2.4, giving the TP; the True Positive rate and the AUC; the Area Under the Receiver
Operating Characteristics (ROC) Curve. ROC curves are curves that are exploited in
machine learning and data mining investigations with the purpose of both organizing
classifiers and obtaining a clear visualization of their performance (Fawcett 2006). “An
ROC curve is a two-dimensional depiction of classifier performance” (Fawcett 2006). In
order to draw a comparison between classifiers, ROC performance needs to be decreased
to “one single scaler representing expected performance” (Fawcett 2006). The AUC
method is frequently used to measure the area under the ROC curve (Bradley 1997; Hanley
and McNeil 1982). The AUC varies between 0 and 1, but a realistic classifier should not
have an AUC less than 0.5 (Fawcett 2006). Applying the Random Forest method we can
predict the occurrence of sympatric speciation on the training set with an average accuracy
of 99.97%. Furthermore, the unseen validation sets from different runs obtained an average
accuracy of 82.22%, which is considered a high accuracy, indicating that our method was
able to discover very generic rules that have the potential to reflect some meaningful
properties of sympatric speciation.
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Table 2.4. The average results of five experiments of classification using J48 and Random

Forest classification methods. For each experiment four out of five datasets were used as

the training set, while the fifth dataset was used as the validation set (Bandehbahman

2014)

#Feat | RandomForest----Training Set — 10 fold Validation set

ures C.V.
Total TP Rate AUC Total TP Rate AUC
accuracy accuracy

10 99.97% | 0.99 |1 1 I 82.22% 063 [095 [089 [0.89
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2.4 Conclusion

There is still long-standing controversy surrounding sympatric speciation. Despite a
general agreement on the theoretical plausibility of the incidence of sympatric divergence
in nature, the extent that sympatric speciation may contribute to biodiversity and its root
causes are still unknown today. It is believed that strong disruptive selective pressure
exerted by both competition for and specialization on resources could play a significant
role in sympatric divergence (Bolnick and Fitzpatrick 2007; Bolnick and Smith 2004;
Kirkpatrick and Ravigné 2002; Martin and Pfennig 2009; Pfennig and Pfennig 2010;
Roughgarden 1972; Thibert-Plante and Hendry 2011; Wilson and Turelli 1986). However,
the importance of ecological interactions and consequent disruptive selection in sympatric

speciation still needs further investigation.

In order to obtain a better understanding of the evolutionary impact of the arrival of a new
species, and to investigate speciation and lineage-splitting events, it is necessary to have
access to a species’ complete evolutionary history including thousands of generations
leading to a speciation event (Berlocher and Feder 2002; Bolnick and Fitzpatrick 2007;
Coyne and Orr 2004). Achieving such insight is challenging by means of experimental and
field investigations due to the unreasonable time investment for such a field study.
Therefore, in this study we utilized the ability of an individual-based modeling approach in
tracking the evolutionary paths of species (Grimm and Railsback 2013).

According to the results of this investigation, prey individuals mainly fed on the more
abundant resource (Food 1) at the beginning of the simulations, before they had adapted to
efficiently exploiting each specific resource. However, after the evolution of specialization
around time step 22,000, consumption of Food 2 exceeded that of Food 1 in spite of the
fact that Food 1 was more available and prey individuals encountered this resource more
frequently. The main focus of this study was to investigate whether and under which
circumstances the selective pressures acting on foraging behaviors could sympatrically
diverge lineages. Four different criteria suggested by Bolnick and Fitzpatrick (2007) were
employed, and we detected an indicator of the occurrence of sympatric speciation in 12 of
our runs out of 20. After testing these four required criteria to identify sympatric speciation

in the dual resource simulations, sympatric and non-sympatric sister species with a
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minimum lifespan of 100 time steps were compared in terms of their level of reproductive
isolation and amount of geographical overlapping (between individual members of the
sister species). This was employed to obtain a better understanding of the underlying causes
of sympatric divergence. As it was expected, the instances of sympatric species were
exclusively observed among sister species that shared the same geographical ranges.
Moreover, this comparison revealed the significant role of reproductive isolation and
assortative mating caused by disruptive selection pressure exerted by the exploitation of
different resources in sympatric speciation (Kautt et al. 2016; Rice and Salt 1990; Rundle
and Nosil 2005; Schluter 2001). Comparing the results obtained from the dual resource
simulations with the single resource control simulations highlighted the importance of
divergent foraging behavior and consequent reproductive isolation in sympatric
divergence. This is because there were no incidences of sympatric speciation in the single
resource control simulations. This result is consistent with previous observations regarding
the role of ecologically-based divergent selection and ecological interactions among living
organisms in sympatric speciation (Feder et al. 1997, 1988; Filchak et al. 2000; Hendry and
Kinnison 2001; Nosil et al. 2002; Rundle and Nosil 2005; Rundle et al. 2000; Schluter
2000; Turelli et al. 2001). The results of this study support the theoretical claim that
reproductive isolation caused by assortative mating as a result of divergent selection
pressures inflicted by resource differentiation could potentially lead to sympatric speciation
(Coyne and Orr 2004; Forbes et al. 2009; Nosil 2013).

Our unique modeling approach does not simply assume that individuals are involved in
foraging and mating activities; it also comprises all other possible considerations, which
might play an important role from evolutionary perspective. Applying this complex
modeling approach we highlighted significant indicators of behavioral modifications
caused by preferential resource use. Finally, when employing the several machine learning
techniques, explicit rules were extracted to gain more information regarding the most
essential patterns that lead to sympatric speciation. According to our acquired rules, the
majority of incidences of sympatric divergence occurred at the beginning of the process of
resource specialization. However, if species had a high spatial distribution, they needed to
fulfill two different conditions to diverge sympatrically: i. high genetic diversity, and ii.

large population size. This means that the probability of sympatric divergence was higher
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if a population had a more diverse gene pool and also a higher number of individual
members. It has been empirically verified that genetic conditions and ecological conditions
are the key components that facilitate the occurrence of sympatric speciation (Bolnick and
Fitzpatrick 2007; Via 2001). In the case of specialized resource use, genotype X
environment interaction is the leading contributor to sympatric divergence (Via 2001). Our
modeling study indicated the crucial role of these factors in the occurrence of sympatric
speciation and stressed the importance of genetic diversity and population size.

One of the difficulties of empirical investigations of sympatric speciation is that it is almost
impossible to reach a solid conclusion about ancestor species, as it is difficult to gain access
to the genetic conditions of the initial population (ancestral species) prior to a divergence
event (Barluenga et al. 2006; Schliewen et al. 2006). In most empirical studies addressing
speciation, a speciation event has either completed and species have completely diverged,
or it is currently happening. On the other hand, it has been claimed that the most accurate
estimations about the initial conditions leading to sympatric speciation could be obtained
from lineages that are beginning the divergence process (Martin 2012). Since modeling
approaches provide us with an ideal opportunity to monitor speciation events at early stages
of divergence, these tools are considered one of the strongest candidate approaches to
achieve an accurate prediction of the initial requirements for speciation (Martin 2012). Our
modeling investigation strongly supports this claim and illustrates the importance of an
early stage of resource specialization in the occurrence of sympatric speciation. This
modeling study provided us a golden opportunity to follow the speciation process since its
initiation stage, something that is impossible in nature. The valuable obtained results of this
study shed light on the central role of sympatric speciation in evolutionary ecology.

From a biological point of view, however, this modeling study has some limitations in spite
of its major contributions to investigathis field of study. EcoSim is intrinsically designed
to address broad ecological and biological questions and it is not able to exclusively model
a specific ecological system or a distinct species with high specificity.

Furthermore, the extent of the complexity of interactions and behavioral patterns among
components of a real ecosystem is much greater than that modeled in this simulated
ecological system. More importantly, it has been demonstrated that phenotypic adaptation

is a key in sympatric speciation caused by specialized resource use. For example, it has
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been verified that a population with different food preferences than its original population
gradually evolves a dissimilar phenotypic structure (Ratciliffe and Grant 1983; Schluter
1996). This is evident in the evolution of phenotypic polymorphisms in amphibians, in
terms of teeth length and mouth size in order to increase foraging efficiency (Skulason and
Thomas B. Smith 1995); the evolution of different morphs in benthic and limnetic species
of stickleback fish (Boughman et al. 2005; Rundle and Schluter 2004; Rundle et al. 2000;
Schluter and McPhail 1992; Svanbéck and Schluter 2012); and the evolution of divergent
shape and size in Darwin’s finches to exploit different resources (Ratciliffe and Grant 1983,;
Schluter 1996). Because this modeling study did not include any particular phenotypic
traits, we did not evaluate the role phenotypic adaptation and adaptive radiation may have
in sympatric divergence caused by resource specialization. This would therefore be a
beneficial area for future work. In the current study, we simply evaluated runs with
sympatric species; however, it would be valuable in future work to also involve runs
without sympatric divergence. This may allow us to obtain a greater understanding of the
environmental and behavioral differences between these runs that might have led to

sympatric speciation.
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CHAPTER 3

CONCLUSION

Ecological specialization plays a significant role in speciation. One of the remaining
questions in the field of ecological socialization is “what are the main circumstances that
cause a specialized population to diverge to the point that it becomes a new separate
species?” (Caillaud and Via 2000). Individuals of each species are expected to efficiently
exploit their available resources to reach their optimal capacities in terms of energy gain
and reproduction success. Different parameters such as resource availability and resource
value could potentially influence individual’s acquired benefits (Bolnick et al. 2003).
Ultimately, the interactions between these parameters in addition to individual’s phenotype
determine the extent of expressed preference by each individual for any alternative food
resources. This preference is then regulated by some other factors such as environmental
heterogeneity and social interactions to determine individual’s actual resource use (Bolnick
et al. 2003). Comprising all of these influential factors along with their interactions in
empirical and experimental investigations is quite challenging and problematic, whereas
these elements and their relations could simply be involved and controlled in modeling
investigations. It is also possible to analyze these components in modeling studies and
determine their relative contribution to the context of specialized habitat or resource use.
The modeling approach employed in this study has given careful consideration to such
prominent components including prey-predator interactions, intra- and inter- competition,
and social interactions. Thus, we were able to evaluate the leading role of each parameter

in adaptive specialization.

Although individuals of each species are unique and differentiate from each other,
empirical and theoretical investigations looking at resource use and its ecological and
evolutionary consequences usually consider all members of species ecologically equivalent
(Bolnick et al. 2003). However, the novelty of the modeling approach in this investigation
is that every single individual in this investigation is treated as a unique agent and all of
individuals are fully participated in obtained results.
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Itis also believed that behavior plays a central role in initiation of exploiting a new resource
and then gradually becoming specialized and diverging as a new species (Futuyma and
Moreno 1988). The strength of our tool is that living organisms in this investigation are
genetically and behaviorally distinct from each other. Additionally, the behavioral
complexity of each individual is also a contributing factor to prey/predator’s energy
expenditure. Not only foraging activity, but also all other fitness-determining behavior such
as resting, predator avoidance behavior, socialization and reproduction were also put into
consideration. These aspects make the employed modeling approach an appropriate tool
for performing this investigation.

One of the central aspects in investigation of the divergence a new separate species from
its ancestral population as a result of adaptive specialization through sympatric speciation
is to illustrate whether the evolution of ecological specialization and assortative mating
have been caused by the same traits and also if there is a synergic interaction between them
or not (Caillaud and Via 2000). The number of empirical examples with identified
contributing traits to both subjects is extremely limited (Caillaud and Via 2000; Schluter
1996). Empirical observations on Darwin’s finches are one of these rare examples that
illustrated that divergent morphology (in the form of body size and also shape and size of
the beak) simultaneously makes contribution to both assortative mating and efficient
resource acquisition in each environment (Ratciliffe and Grant 1983; Schluter 1996).
Although such empirical studies offer a concrete evidence, it is usually difficult to monitor
and investigate natural populations for generations. Therefore, it is crucial to utilize new
techniques to obtain further ecological insights into this subject. Individual-based modeling
approaches are capable of providing a clear and understandable insight into the correlations
between adaptive behavior and emergent system properties (Grimm and Railsback 2013);
as a result, IBMs could potentially offer a functional tool with the ability to track down any
important features involved in ecological specialization and reproductive mating. In the
current study we utilized an IBM to model a dual resource system and examine the evidence
of sympatric species caused by specialized resource use. The obtained results supports
previous findings in regard to the synergic interaction between adaptive specialization and
assortative mating (Caillaud and Via 2000; Doebeli 1996; Kondrashov and Kondrashov
1999; Rice and Hostert 1993; Rice 1987). However, in this study we didn’t incorporate any
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particular phenotypic traits and therefore, this would be a potential alternative for future
works to look at phenotypic adaptation and adaptive radiation caused by specialized
resource use. Furthermore, it will be well worthwhile to perform a more comprehensive
analysis by the means of machine learning techniques in future to reveal more detailed
information regarding the major contributing factors to sympatric divergence caused by
specialized resource use. In this study we merely focused on runs, which had indicated
evidence of the sympatric emergence. However, it will be particularly beneficial to also
look at runs without any incidences of sympatric speciation to acquire a better

understanding of their environmental and behavioral differences.

Despite considerable advantages, IBMs also have some major disadvantages when they are
applied in the field of evolutionary biology. For instance, the applied IBM in this study
does not exclusively target any specific ecosystems, aquatic or terrestrial ecosystems.
Moreover, this system does not model any particular species. Living organisms in this
model do not have any particular mating season. They also do not have any specific
phenotypic traits; therefore, we were not able to look at the emergence of phenotypic

adaptation and plasticity in this modeling study.

Regardless of these limitations, this modeling investigation enabled us to investigate
thousands of generations with their complete evolutionary history. Thanks to the following
characteristics, EcoSim provided a pragmatic approach to investigate the evolution of
individual behavior and thereby the whole ecosystem over generations: i. every individual
possesses its own genomic information, ii. this specific genetic information influences
individual behavior and thereby individual’s fitness, iii. each individual inherits its genome
from its parents with some possible modifications, iv. the model makes it possible to have
a large number of time steps and consequently, a huge amount of generations during a
reasonable period of time, v. at each time step there is a substantial number of individuals,
which coexist and coevolve with each other while they are involved in a complex
interaction, vi. finally, this model make it possible to monitor each individual using its ID
and its parent’s ID; therefore, it facilities the investigation of speciation. These aspects
make EcoSim a functional tool for this study. Consequently, it provided a valuable insight

into the major role of disruptive selection pressure exerted by specialized recourse use in

81



reproductive isolation and thereby, sympatric speciation. More importantly, the current
study showed the importance of tracking lineage since the early stage of divergence.

As pointed out in the first chapter, there are limited examples of utilizing IBMs in the field
of sympatric speciation. To our knowledge, there are only three investigations that have
employed IBMs to study speciation including: (Labonne and Hendry 2010; Thibert-Plant
and Hendry 2009; Thibert-Plante and Hendry 2011). Among them, only one single study
(Thibert-Plante and Hendry 2011) has specifically focused on sympatric speciation. The
current study is the second modeling study that has adapted IBMs to shed light on sympatric
speciation, which is considered as a rare form of speciation occurred in nature. Therefore,
this study paves the way for the future investigations to develop further insights into
sympatric speciation. These are the main contributions of this modeling investigation to the

literature of this research area.
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APPENDIX

Al. ODD Description of EcoSim, an Individual-based Predator-Prey Model

without Predefined Fitness Function

In this section a detailed description of EcoSim will be provided using the updated 7-points
Overview, Design concepts, and Details (ODD) standard protocol (Grimm et al. 2006) for
explaining individual-based models. It should be noted that not all of the presented

materials in this section have been published in (Gras et al. 2015).

Al.1 Purpose

With the purpose of investigating biological and ecological theories, this model was
initiated to simulate individual behavior in an evolving dynamic ecosystem to create a
complex adaptive system leading to a generic ecosystem platform, which possesses
properties similar to real ecosystems (Gras et al. 2009; Mashayekhi et al. 2014). The Fuzzy
Cognitive Map (FCM) (Kosko 1986) is applied in this approach to model individual
behavior.

Since the FCM is coded in the genome, behavior can evolve during the simulation.
Essentially, the fitness of a given set of behaviours is not set in advance. Instead, fitness
emerges from interactions between simulated organisms and their abiotic and biotic
environments. For instance, according to the observed results of our simulations,
reproduction action was given priority over foraging action by a prey with a high fitness
behavioral model when there was enough food resource available to prey individuals,

whereas in the absence of food resources foraging was prioritized over reproduction.

Al.2 Entities, State Variables, and Scales Individuals

In general, simulated living organisms in EcoSim correspond to two main categories, prey
and predator. Every individual in this model has a set of life-history characteristics, such as

age, minimum age for breeding, speed, vision distance, level of energy, and amount of

84



energy transmitted to the offspring. Energy is provided to individuals by consumption of
available food resources in their environment. Prey feed on primary resources: grass, which
are dynamic in quantity and location. Predators hunt for prey or scavenge for dead prey (in
the following called ‘meat’). Each individual performs one unique action during a given
time step, based on its perception of the environment. Each individual possesses its own
FCM coded in its genome, and its behaviors are determined by the interaction between the
FCM and the environment. FCMs are weighted graphs representing the causal relationship
between sensitive, internal, and motor nodes. Consuming one unit of primary resources
provides 250 units of energy to prey individuals, whereas eating one prey or one each unit
of meat provides 500 units of energy to predator individuals. At any given time step, each
individual performs a unique action based on its perception of the environment, which leads
to the consumption of some unit of energy. Energy consumption for each individual is a
matter of the type of selected action (e.g. eating, waiting, escaping) and the complexity of
its behavioral model (number of existing edges in its FCM). On average, performing a
movement action (such as escape or exploration) requires 50 units of energy, reproduction
action requires 110 units of energy, and no action at all (basal metabolic rate) contributes
to a small expenditure (18 units of energy).

Cells and virtual world: The smallest unit of the environment, the cell, represents a large
space containing an unlimited number of individuals and/or some amount of food (of
course, the actual number will be limited by the food). The virtual world consists of a 1000

x 1000 matrix of cells that wraps around in a torus to remove any spatial bias.

Time step, Population, and Species: Each time step involves the time needed for each
individual to perceive its environment, make a decision, and perform one action.
Furthermore, during each time step species memberships, including speciation events, are
updated and all relevant variables are recorded (e.g., quantity of available food). The term
generation refers to the total number of required time steps for an individual to reach the
age of reproduction (6 for prey and 8 for predators). In general, the speed of each simulation
per time step is proportional to the number of existing individuals in that simulation. There
are approximately 250,000 individuals (as members of one or several species) in the world
in each time step. A species is a set of individuals with a similar genome relative to a

threshold. This concept will be clarified in the following section.
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Al.3 Process Overview and Scheduling

Before using their behavioral model to choose a single action, each prey individual first
perceives its surrounding environment (all the surrounding cells in their vision range).
Then it may choose among different possible actions, which include: i. for prey individuals:
evasion (escape from predator), search for food (if not enough grass is available in the
current cell, prey can move to a nearby cell to search for grass), socialization (moving to
the closest prey in the vicinity), exploration (random movement), resting (to save energy),
eating, and breeding; ii. for predator individuals: searching for food, hunting (catching and
eating prey), scavenging (eating dead prey = ‘meat’), socialization, exploration, resting,
and breeding. After prey and predator individuals perform each action, each individual’s
level of energy is adjusted and its age is incremented by one unit. If the current level of
energy of one individual #s becomes less than or equal to zero, the individual will die. After
all individuals complete their actions, the amount of grass and meat (dead prey) in each cell
is adjusted, and the value of the state variables of individuals and cells are updated (see
section A1.6 Sub-models).

Al.4 Design Concepts
Al.4.1 Basic Principles

In order to observe the evolution of individual behaviour through generations, several
features were implemented in the model: i. every individual possesses genomic
information; ii. this information influences individual behavior and, consequently, fitness;
iii. the inheritance of genetic material allows for modification (i.e., mutation); iv. the
number of individuals is sufficiently high to allow for complex interactions and spatial
configurations to emerge; v. species are identified based on a measure of genomic
similarity; and vi. a large number of time steps is required. These complex conditions lead
to computational challenges so that models must combine the compactness and ease of

computation with a high potential for complex representation.
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Each individual possesses an FCM (Figure 2.1). As described in chapter two (see section
2.2.1), the FCM is the basis for the computation of an individual’s behavior. Therefore, the
action performed by each individual at all time steps arises from that individual’s FCM.
The FCM is integrally coded in the genome and, therefore, is heritable, mutable and subject
to evolution. When a new offspring is created, it receives a genome that combines the

genomes of its parents with some possible mutations.

Al.4.2 Emergence

In each FCM, three kinds of nodes are defined: sensitive (such as distance to enemy or
food, amount of energy, etc.), Internal (fear, hunger, curiosity, satisfaction, etc.), and Motor
(evasion, socialization, exploration, breeding, etc.). The activation level of a sensitive node
is computed by performing a fuzzification of the information the individual perceives in
the environment (changing its real scalar value into a fuzzy value, i.e., transforming the
input value by a non-linear function). For an Internal or Motor node, C, the activation level
is computed from the weighted sum of the current activation level of all input nodes by
applying a de-fuzzification function (another non-linear function transforming the fuzzy
input value into the final 'real’ value). These fuzzification/de-fuzzification mechanisms
allow for non-linear transformations of the perception signal, which may represent, for
example, a saturation of information. Finally, the action of an individual is selected based
on the activity node with the highest activation level. This concept is comprehensively
clarified in chapter two (section 2.2.1). At the initiation of the simulation, prey and predator
individuals are scattered randomly throughout the virtual world. As the simulation
proceeds, individual’s distribution pattern is gradually formed. Many factors (prey escaping
from predators, individuals socializing and forming groups, individuals migrating to find
sources of food, species emerging, etc.) are responsible for enormous changes in this
distribution pattern over time. Various population structures and different—migration
patterns (i.e. long term global movements of populations across the virtual world) may
emerge since the world is large enough to allow them. More precisely, if an individual
moves in one direction with its maximum speed, it can only encounter less than half of the

world during its life time. In previous EcoSim studies, the use of behavioral models has
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resulted in a non-random distribution of individuals into populations/species that contain
individuals with similar genomes (Golestani, Gras, and Cristescu 2012). It has also been
proven that data produced by EcoSim indicate -multifractal properties similar to those
observed in real ecosystems (Golestani and Gras 2011; Seuront, Schmitt, and Lagadeuc
1997), and Spiral waves of predator-prey interactions are an example of such an
observation. Strong and robust Spiral waves created in complex and dynamic biological
systems are considered a frequent phenomenon in complex ecosystems (Rohani et al.
1997). For example, self-organized Spiral patterns have been detected in snowshoe hares
in real ecosystems of Northern Canada (Bascompte, Solé, and Marti 1997).

This Spiral pattern can be explained as it occurs via the system of interacting factors within
EcoSim. Predation pressure combined with the pressure to search for food and potential
mates plays a fundamental role in migration patterns formation in EcoSim. Prey near the
wave-break have the capacity to escape from predators sideways. As a result, the prey
subpopulation may find itself in a safe region far from predators. Consequently, a prey
population can disperse greatly in a predator-free zone, thereby forming a circularly
expanding subpopulation. Subsequently, these new subpopulations of prey and predators
will go through the same spiral formation leading to the development of a second scale of
subpopulations (Golestani and Gras 2012). Accordingly, this process will repeat over and
over leading to the emergence of self-similarity (Biktashev et al. 2004) in the spatial

distribution of individuals.

Al.4.3 Adaptation

Individuals carry a haploid genome of maximum length of 390 sites, where each site (gene)
corresponds to an edge between two nodes of the FCM. However, to allow evolution, many
edges have an initial value of zero, and only 114 edges for prey and 107 edges for predators
are set at initialization. An additional site is applied to code for the amount of energy
transmitted from the parent to its offspring at birth. Each gene follows the continuum-of-
alleles model and can take values between -12 and +12. These alleles represent the strength
of the positive or negative influence of one node on another, such as the strength of the

association between a level of hunger and the tendency to feed. Each offspring acquires its

88



genome from its parents and this genome is a combination of its parent’s genome with some
possible mutations. Genetic recombination through crossover was also included in this
model, which allows epistasis (e.g., multiple stimuli can influence a given drive) rather than
pleiotropy (each gene influences only one link between nodes). To model simple linkage,
alleles are transmitted by blocks so that for each node the values of all its incident edges
(in edges) are transmitted together from the same randomly chosen parent (i.e., no
recombination among genes for edges to a given node). The probability of mutation is 0.005
per gene and per time step, and the effect of a given mutation is drawn from a normal
distribution N (0, 0.1). In addition, a new gene (a new link between nodes) can arise or be
lost at a per-generation per-gene probability of 0.001. Accordingly, new genes can emerge

from the 265 initial edges of zero value.

Al.4.4 Fitness

In order to quantify the capability of each individual to survive and contribute to
reproduction, fitness function was defined as the age of death of the individual plus the sum
of the age of death of its direct offspring. The fitness of each species is quantified based on
the average fitness of its individuals. Fitness was a post-processing computation, which

means it was not considered during the simulation.

Al1.4.5 Prediction

There is no learning mechanism in this model and individuals do not learn anything during
their lifespan so they cannot predict the consequences of their decisions. The only
information available for an individual to make a decision is coming from its perceptions
at a particular time step and the values of the activation levels of the sensitive and motor
concepts at that step. In fact, activation levels are never reset during an individual’s life so
that its current state depends on all previous states, meaning that the individual has a basic

memory of its own past that will influence its future behavior.
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Al1.4.6 Sensing

Individuals are capable of sensing their local environment inside of its vision range. More
precisely, each prey individual is able to sense its five closest predators, its five closest cells
with food units and its five closest mates within its range of vision, as well as the number
of primary resource units and the number of potential mates in its current cell. Additionally,
each individual can also detect its current level of energy. It should be clarified that in this
model the concept of perception differs from the concept of sensation; sensation is the real
value coming from the environment, whereas perception is sensation modified by an

individual’s internal state.

Al.4.7 Interaction

Reproduction is considered the only action requiring a coordinated decision of two
individuals. In order to have successful reproduction, the two mating partners need to be in
the same cell, have enough energy, and choose the reproduction action. Moreover,
‘enforced reproductive isolation’ (where reproduction fails [without any extra cost] if the
two mating partners are genetically too dissimilar) was modeled in one of our experiments.
Predation is another type of interaction among individuals. A predator could perform a
successful hunting action provided that it reaches the cell of its prey. At any hunting event,
two units of meat are produced, one consumed by hunter (consequently, the predator’s level
of energy is built up by one unit of meat energy) and one added to the cell as a unit of meat.
Competition for food is another type of interaction among individuals. As an example,
when there is only one unit of food resource available in one cell but there are two
individuals in that cell who want to eat that unit of foods, the individual that is younger will
win the competition. In other words, “senescence” (where older individuals have decreased
performance relative to younger individuals) is modeled in EcoSim. However, relaxing this

constraint does not affect our results.
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Al1.4.8 Stochasticity

To create variability in our simulations, several processes were applied to generate
stochasticity. For instance, at the beginning of the simulations, the number of grass units
for each cell is determined through a uniform random distribution (a value between 1 and
MaxGrass).

Additionally, the maximum age of an individual is determined randomly at birth from a
uniform distribution centered at a value depending on the individual’s type (Table Al).
Stochasticity is also included in several kinds of actions of individuals, such as evasion and
socialization. For instance, if there is no predator in prey’s vision range, the direction of
movement will be random. Moreover, the direction of the exploration action is always
random. However, an investigation was defined by Golestani et al. (2010) to explore the
level of randomness in EcoSim through testing the hypothesis that chaotic behavior (one
signal of non-randomness) exists in time series generated by the simulation (Golestani and
Gras 2010). Their results indicated that the overall behavior of the simulation creates
patterns that are non-random, representing a complex biological systems (Kantz and
Schreiber 2004).

A1.4.9 Collectives

The concept of species in this model is implemented through the genotypic cluster
definition (Mallet 1995), a where a species is a set of individuals sharing a high level of
genomic similarity. As a result, each species is then associated with the average genetic
characteristics of its members (called the ‘species genome’ or ‘species center’). Over time,
a species will progressively contain individuals that are increasingly genetically dissimilar
up to an arbitrary threshold, where the species splits. This speciation event is inferred from
a 2-means clustering algorithm (Aspinall and Gras 2010), which determines clusters of
individuals that are mutually most similar. After splitting, the two sister species remain
similar enough that hybridization can occur until their genomic distance becomes at least
half of the speciation threshold (in the model with enforced reproductive isolation). This

information about species membership is only a label. It is not used for any purpose during
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the simulation (e.g. there is no species recognition) but only for post-processing analysis of

the results.

Al1.4.10 Observation

EcoSim produces a huge amount of data at each time step, including the number of
individuals, the characteristics of each individual, and the status of each cell of the virtual
world. Individual characteristics include spatial position, level of energy, choice of action,

species identity, parents, FCM, etc.

AL1.5 Initialization and Input Data

At initialization, the grass was randomly uniformly distributed (i.e., no divergent selection
was imposed across space) and all individuals were genetically identical (with a user

defined genome). Other parameter values used in this study are presented in Table Al.
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Table Al. Values for user-specified parameters

User specified parameters Used value
Initial Number of Prey 12000
Initial Number of Predators 4900
Initial Grass Quantity 5790000
Maximum Age Prey 46
Maximum Age Predator 42
Prey Maximum Speed 6
Predator Maximum Speed 11
Prey maximum Energy 650
Predator maximum Energy 1000
Distance for Prey Vision 20
Distance for Predator Vision 25
Reproduction Age for Prey 6
Reproduction Age for Predator 8
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A1.6 Sub-models
Al1.6.1 General

At any given time step, each individual performs one unique action based on its perception
of the environment. EcoSim iterates continuously and each time step consists of the
computation of the nodes’ activation levels within the FCM of each individual (the initial
values of the edges of the FCM are given in Table A2 for prey and Table A4 for predators).
This, in consequence, leads to the choice and application of an action for every individual.
Each time step also includes the update of the world: emergence and extinction of species

and growth and diffusion of grass, or decay of meat.
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Table A2. Initial FCM values for prey (See Table A3). Each prey individual has an FCM

representing its behaviour. At the beginning of simulations (the first time step), all prey

individuals have an initial FCM. Through time, with operators like crossover and

mutations, the FCMs of individuals evolve (Gras et al. 2015).

FR|HG|SP |CU|SD | ST |NU|ES |SF |SC | XP | WT | ET | RP
PC | 4 0 0 0110 -1 )1 0 0 0 0 0 0 0
PF (-4 |0 0 0 0 0.5 ;).5 0 0 0 0 0 0 0
OoC |0 05 1|0 ;).1 0.1]05 ;).5 0 0 0 0 0 0 0
OF (0 0 ;).4 0.2 (-).2 ;).7 07 |0 0 0 0 0 0 0
FC |0 0 0.5 ;).1 0.1]05 ;).5 0 0 0 0 0 0 0
FF | O 0 ;).4 0.2 ;).2 ;).5 0510 0 0 0 0 0 0
EL (|04 |4 ;I..5 0 0 _2.2 22 10 0 0 0 0 0 0
EH | O -1 |15 |02 ;).2 1.5 -1.5 0 0 0 0 0 0 0
OH |0 ;).2 0 ;).3 0311 ;..1 0 0 0 0 0 26 |0
OL (0 02 (0 1 -1 -1.1 1.1 10 0 0 0 0 -4 |0
PY || O 0 0 ;).4 04105 ;).5 0 0 0 0 0 0 1.5
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PN 0 0.3 0 0 0 0 0 0
FR 0 0 15/08|-1 |03 |-1 -1
HG 0.3 0 081210707 |-05 4
SP 0 0 0210 1505 |-03 |04
Cu 0 0.1 01(05]03|15|-020.3
SD 0 0 0 0503 (12|02 |03
ST 0 0 010802 -2 |15 |08
NU 0 0 04 |1 0212 -1.2 1 0.7
ES 0 0 0 0 0 0 0 0
SF 0 0 0 0 0 0 0 0
SC 0 0 0 0 0 0 0 0
XP 0 0 0 0 0 0 0 0
WT 0 0 0 0 0 0 02 |0
ET 0 0 0 0 0 0 0 0
RP 0 0 0 0 0 0 0 0




Table A3. Prey/predator FCM abbreviation table. These abbreviations are used to present
concepts of FCM in EcoSim, and have been used in other tables to show the values of

these concepts (Gras et al. 2015).

NodeName Abbreviation | NodeName Abbreviation
Fear FR PredClose PC
Hunger HG PredFar PF
SearchPartner | SP FoodClose oC
CuriosityStrong | CU FoodFar OF
Sedentary SD FriendClose FC
Satisfaction ST FriendFar FF
Nuisance NU EnergyLow EL
Escape ES EnergyHigh EH
SearchFood SF FoodLocalHigh | OH
Socialize SC FoodLocalLow | OL
Exploration XP PartnerLocalYes | PY
Wait WT PartnerLocalNo | PN
Eat ET PreyClose YC
Reproduce RP PreyFar YF
ChaseAway CA

SearchPrey SY

97



Table A4. Initial FCM values for predators (See Table A3). Each predator individual has

an FCM representing its behaviour. At the beginning of simulations (the first time step),

all predator individuals have an initial FCM. Through time, with operators like crossover

and mutation, the FCMs of individuals change (Gras et al. 2015).

CA|HG|SP |CU|SD ST |[NU |SY |SF |SC | XP | WT | ET | RP
YC 0710 0 ;).1 0 0.5 ;).5 0 0 0 0 0 0 0
YF ;).5 0.7 {0104 (-).4 ;).5 0510 0 0 0 0 0 0
oC ;).5 07 |0 ;).1 01]05 ;).5 0 0 0 0 0 0 0
OF 0.8 (-).2 0102 (-).2 ;).6 06 |0 0 0 0 0 0 0
FC 0 0 0710 0 0.4 ;).4 0 0 0 0 0 0 0
FF 0 0 (-).5 0.3 ;).3 (-).4 0410 0 0 0 0 0 0
EL 3515 ;..2 0 0.2 ;..5 15 |0 0 0 0 0 0 0
EH -2 |-3 |14|03 ;).3 1 -1 |0 0 0 0 0 0 0
OH ;..5 0.3 ;).2 ;).3 031 -1 10 0 0 0 0 4 0
oL 1.7 10 02 |1 101 |1 0 0 0 0 0 5 |0
PY ;).3 0 0 ;).4 04|08 ;).8 0 0 0 0 0 0 2
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PN 0310 03 |03 0 0 0 0 0 0
CA 0210 0 0 15(02|04 (103|040
HG 0 0.3 0 0 4 25|12 03 |-04 |35
SP 0 0 0 0 0808 (15|03 |-05|06
Cu 0 0 01]0 0303|0315 -04]03
SD 0 0 0 0.1 03/03(03|15|04 |03
ST 0 0 0 0 08080218 |1 0.8
NU 0 0 0 0 1 08022 -1 |06
SY 0 0 0 0 0 0 0 0 0 0
SF 0 0 0 0 0 0 0 0 0 0
SC 0 0 0 0 0 0 0 0 0 0
XP 0 0 0 0 0 0 0 0 0 0
WT 0 0 0 0 0 0 0 0 02 |0
ET 0 0 0 0 0 0 0 0 0 0
RP 0 0 0 0 0 0 0 0 0 0




The complete FCM maps of prey individuals is given in Figure 2.2 in chapter two. It
represents the FCM map for prey individuals in the presence of two different primary food
resources (grass). At initialization time there is no meat in the world and the number of
grass units is randomly determined for each cell. For each cell, there is a probability,
probaGrass, that the initial number of grass units is strictly greater than 0. In this case, the
initial number is generated uniformly between 1 and maxGrass. Each unit of food provides
a fixed amount of energy to the agent that eats it. The prey can only eat grass, and the
predators acquire their required energy either through hunting or scavenging. When a
successful hunting action has occurred, a new meat unit is added to the corresponding cell,
while another unit is consumed by the predator. A successful scavenging action performed
by a predator leads to the elimination of one unit of meat from the corresponding cell. When
a prey dies, the number of meat units in its cell is increased by 2. The number of grass units
in a cell decreases by 1 when a prey eats, and the number of meat units decreases by 1 when
a predator eats. The number of meat units in a cell also decreases at each time step by one
unit due to decay, even if no meat has been eaten. For each cell of the world, if its number
of grass units is greater than zero, half a unit is added per time step. Also, if a cell has zero
grass units, but one of its eight adjacent cells contains grass, the same number of units is
added with probability probaGrowGrass. With this mechanism, if the prey eats all the grass
in one cell, the grass cannot regrow unless there still is grass in an adjacent cell. This models
the problem of overexploitation of resources and the diffusion of resources through the

world.

Each action has corresponding sub-model:

1. Evasion (for prey only). The evasion direction is the direction opposite to the direction
of the barycenter of the 5 closest predators within the vision range of the prey, with respect
to its current position. If no predator is within the vision range of the prey, the direction is
chosen randomly, and the current activation level of fear is divided by 2. Then the new
position is computed using the speed and direction of the prey.

2. Hunting (for Predator only). The predator selects the closest cell (including its current
cell) that contains at least one prey and moves towards that cell at its current speed. If it
reaches the cell, it kills one randomly chosen prey, eating one unit and having another unit

of food added to the cell. If the speed of the predator is not enough to reach the prey, it still
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moves at its speed toward this prey. Therefore, if the predator does not have enough energy
to reach to the prey and/or its speed is not sufficient, the hunting action fails but a movement
is performed in direction of the prey.

3. Search for food. The direction toward the closest food (grass or meat but not living prey)
within the vision range is computed. If the speed of the agent is high enough to reach the
food, the agent is placed on the cell containing this food. Otherwise, the agent moves at its
speed toward this food.

4. Socialization. The direction toward the closest possible mate within the vision range is
computed. If the speed of the agent is high enough to reach the mate, the agent is placed on
the cell containing the mate but no reproduction action is performed, and the current
activation level of sexual needs is divided by 3. Otherwise, the agent moves at its speed
toward the mate. If no possible mate is within the vision range of the agent, the direction is
chosen randomly.

5. Exploration. The direction is computed randomly. The agent moves at its speed in this
direction. The activation level of curiosity is divided by 1.5.

6. Resting. Nothing happens.

7. Eating. If the current number of grass (or meat) units is greater than 1, then this number
is decreased by 1 and the prey’s (or predator’s) energy level is increased by energyGrass
(or energyMeat). Its activation level for hunger is then divided by 4. Otherwise, no action
occurs.

8. Breeding. The process of generating a new offspring consists of the following steps.
First, the conditions for successful mating are checked. Second, the value of
birthEnergyPrey is transmitted to the offspring (with possible mutations) from one of the
two parents, chosen randomly. Third, the edges’ values are transmitted with possible
mutations, and the initial energy of the offspring is computed. To model the crossover
mechanism, the edges are transmitted by block from one parent to the offspring. For each
node, its outgoing edges’ values are transmitted together from that same randomly chosen
parent. Fourth, the maximum age of the offspring is computed. Finally, the energy level of
the two parents is updated.
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A1.6.2 Speciation Sub-model

In order to model speciation for a given species S; first, the individual with the greatest
Manhattan distance from the species’ center (a vector containing the average of the gene
values of its members) is detected. If this distance is greater than a predefined threshold for
speciation, 2-means clustering is performed. Otherwise, species S remains unchanged. If
clustering is to be performed, two new species are formed — one centered around a random
individual in S, denoted Ir, and another centered around the individual in S that is farthest
from Ir, denoted Ir. Subsequently, all remaining individuals in S are added to one of the two
new species, whichever species the individual is more genetically similar to. After
recalculating the centers for the two new species, this clustering process is repeated until
convergence. After the 2-means clustering is completed, there are two new species, S1 and
S2, whose members are subsets of the original members of S. The species closer to the
original species S inherits the properties of S, such as the species ID and the ID of its parent
species. Thus, one of the new species will continue to represent the original species, while

the other one will represent a split-off of the original species.

A2. Adjusting EcoSim for Investigating Sympatric Speciation

As mentioned in chapter two, a second type of primary food resource (grass) was
introduced so that prey individuals were faced with two different food options. As such,
existing food chain structure (Figure Al, a) turned into (Figure Al, b).

Prey individual FCM maps in the single resource version of EcoSim had four sensitive and
two motor concepts influencing by prey individual foraging behavior. Accordingly, after
adding the new food resource, the prey FCM maps were modified from (Figure A2, a) to
(Figure A2, b).
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a b

Predator

Predator

Figure Al. Regular food chain in EcoSim (a), and the new food chain in the modified dual
resource EcoSim (b) (Bandehbahman 2014)

103



Figure A2. A part of the prey individuals’ FCM associated with grass consumption by prey in the
single resource version of EcoSim (a) and in the dual resource version of EcoSim after
introducing a new food resource and adding the new concepts (in red) (b). Note that the width of
each edge shows the influence value of that edge and the color of an edge shows inhibitory (red)
or excitatory (blue) effects (Bandehbahman 2014).
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A3. Species Categorizing Algorithm
A3.1 FCM-clustering Approach

The FCM behavioral model was one of the approaches employed in this study to categorize
existing species. In this approach, the weighted sum of all edges with some influences on
Eatl and Eat2 Motor concepts were independently quantified. Accordingly, these values
were compared with a fixed threshold to measure the extent of preferential behavior
expressed by prey individuals toward different food resources. This process has been
thoroughly clarified in chapter two (section 2.2.4.1). An example of this process is

summarized in Figure A3.
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Weighted sum of Eatl= (-4H+1H+4H{-0.TH+ISH-1)+HF1)= 3.8
Weighted sum of Eat2=(-4H{+2.5H--IHHSHFIHHH-1LIH+H = 2.8
Difference= 3.8 — 2.8=1 = Threshold=0.5 —= The species Belongs to Groupl

Figure A3. The evaluation of the weighted sum of all incoming edges to Eatl and Eat2 actions to

determine species’ group (Bandehbahman 2014)
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Distribution of food resource preference for Food 1 and Food 2 for all populations of prey
individuals from one run of the simulation is indicated in Figure A4. The horizontal axis
represents time steps, while the vertical axis represents the percentage of prey belonging to
each group. As it can be observed, from time step 17400, the prey population starts to be
divided into three separate groups with a significant proportion of the population belonging
to both Group 1 and Group 2. This observation is used to determine the time steps for which

the analysis of the four criteria should be performed.
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Resource Preference Distribution
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Figure A4. Food resource preference distribution for Food1 (blue), Food2 (red), and Both foods
(green). Each individual preference from the total prey population is calculated for the duration of
the simulation based on their FCM model (Bandehbahman 2014).
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A3.2 Action-Perception Clustering Approach

Following this approach, species’ actual behaviors were used for the purpose of
categorizing existing species in the study. More precisely, each species were carefully
considered in terms of the extent of the performed Eatl and Eat2 actions as well as its
average perception of Food1 and Food2. Five simple logical rules were employed to assess

these two parameters (Table A5).
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Table A5.

Five rules of Action-Perception Clustering (Bandehbahman 2014)

Rules

Rate of eating
actions (Eat 1 & 2)
for the individuals
of each species *

Abundance of
different food types
(1 &2) **

Description

Species group

If the rate of Eat 1 is
significantly greater
than the rate of Eat 2

While the abundance
of Food 2 is higher
than Food 1

Despite the high
availability of Food
2, individuals of this
species  show a
greater preference for
Food 1 consumption
rather than Food 2

Then this species is
categorized as
group 1

If the rate of Eat 2 is
significantly greater
than the rate of Eat 1

While the abundance
of Food 1 is higher
than Food 2

Despite the high
availability of Food
1, individuals of this
species  show a
greater preference for
Food 2 consumption
rather than Food 1

Then this species is
categorized as
group 2

If the rate of Eat 1
and Eat 2 are almost
equal

While the abundance
of Food 2 is much
greater than Food 1

Although the
abundance of Food 1
is significantly lower
than Food 2,
individuals still
consume this food
resource (Food 1) at
the same rate of the
consumption of more
available food
resource (Food 2).
This means that this
species expresses
increased preference
for Food 1

Then this species is
categorized as
group 1

If the rate of Eat 1
and Eat 2 are almost
equal

While the abundance
of Food 1 is much
greater than Food 2

Although the
abundance of Food 2
is significantly lower
than Food 1,
individuals still
consume this food
resource (Food 2) at
the same rate as the
consumption of more
available food
resource (Food 1).
This means that this
species expresses
increased preference
for Food 2

Then this species is
categorized as
group 2

The species that were not assigned to any group based on the four
previous rules were assumed to not be specialized on any specific
resource (not showing any preferential behavior)

Then this species is
categorized as
group 3

* In order to be able to claim that the rate of one eating action is higher than the other, a threshold was applied for the
minimum required differences between the rate of Eat 1 and Eat 2. This threshold has been defined so that the rate of one
eating action should be twice as high as the other one to be counted as significantly greater.

** Likewise, another threshold was used for the differences between available resources, to find out whether their
abundances are approximately equal, or if one of them is more available than the other.
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Figure A5 presents the output of these species categorizing algorithms for one simulation,
as an example of the resource preference distribution of all prey individuals based on their
completed eating behaviors and their perception of available resources in their
environment. The horizontal axis represents the time steps, while the vertical axis
represents the percentage of prey belonging to each group. According to this figure, starting
from around time step 21000, a significant proportion of the prey populations belong to
both groups one and two. This provides an approximate time step to consider-for indicators

of sympatric speciation (exploring the four required criteria on those species).
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Resource preference distribution- based on the
action-perception

100%
90%
BO%
70%
0%
0%
40%
30%
20%
10%
0%

W Group3

W Group2

% Total Population

B Groupl

BG7
1733
2599
3465
4331
5197
G063
5929
7795
B661
9527

10393
11259
12125
12991
13857
14723
15589
16455
17321
18187
19053
19919
20785
21651
22517
23383
24249
25115

Time Step

Figure A5. Resource preference distribution based on the action-perception for Food 1
(blue), Food 2 (red), and Both resources (green). Each individual’s preference from the total prey
population is calculated for the duration of the simulation based on their real eating behavior and
their perception about the local food available (Bandehbahman 2014).
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A4. Verifying Required Criteria

Overlapping geographic ranges: Figure A6 represents the geographical distance between
the populations of two sister species right after the occurrence of their speciation event. The
horizontal axis represents the time steps since speciation, while the vertical axis represents
the distances. The distance between the two populations of sister species at the time of
speciation is very small. There are at least 200 individuals from one species-living in the
same cell rather than with any individuals of the other species, and the total average distance
between all the individuals of the two populations is about 10 cells. This means that these
sister species have been living in a common geographical area. Hence, the third required

criterion is met for this set of sister species.
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Figure A6. The minimum distance, the average distance of the 200 closest individuals, and
the average distance between all the individuals corresponding to two sister species at the

speciation event and through subsequent time steps (Bandehbahman 2014).
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Ab. Attribute Selection

In order to generate the initial dataset, all the attributes of each species were selected. These
attributes covered a wide range of information about each species, from some general
information (such as: population size of each species, their interbreeding ratio, and the
amount of energy transferred to the offspring) to some behavioral specifications (such as:
the rate of choosing different actions, and their perception of their environment). A
complete list of the initial attributes applied to create the datasets is summarized in Table
AB6. A brief description of each attribute is also provided in this table. Starting with 81
attributes (Table A6), we applied different attribute selection methods to identify the best
set. Table A7 represents the complete list of attributes after applying attribute selection
methods. The attributes highlighted in red in this table were eliminated as they had a low
score in the GreedyStepwise+Csf method and consequently, were not selected by the

BestFirst+Csf method. As a result, 29 attributes remained.
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Table A6. List of initial attributes used to create the datasets, and a short description

about each attribute (Bandehbahman 2014)

ID | Attribute Description
1 nbSpecies Total number of currently alive
2 nbindividual The total prey population size
3 individualRatio Species population size , divided by total population size
4 birthRatio Total nL_mee_r of new born individuals, divided by species
population size
interBreedingRati | Number of interbreeding events (new born individuals with parents
0 from different species), divided by the species population size
. Number of dead individuals, divided by the total number of
6 deadRatio Lo : .
individuals in that species
; deadAgeRatio Number of_ dead |nd|\_/|duals due to old age, divided by total number
of deaths in the species
8 deadEnergyRatio Number of dead |r_1d|V|duaIs,_due to lack of energy, divided by total
number of deaths in the species
9 deadKilledRatio Number_of killed individuals, divided by total number of deaths in
the species
10 | deadAge Average death age in a species
11 | deadEnergy The average energy of dead individuals in a species
12 | Entropy Diversity of alleles for all loci based on an entropy calculation
. . Dispersal level of individuals based on the average distance towards
13 | diversitySpatial .
the species center
diversitvSpatialRa The square roots of sum of the square of actual distances of each
14 tio ysp individual from the species center, divided by the total number of
individuals
15 | distEvol Average genetic distance between the reference genome (origin)
and the current genomes
16 | stateOFbirth The amount of energy transferred to the child from parent at the
birth time
17 | Age The average age of individuals in the species
18 | Energy The average energy of individuals in the species
19 | Speed The average speed of individuals in the species
20 | Compactness The average number of individuals per cell
21 | nbArc Average number of arcs (genes) in the FCM of individuals
22 | act_EscapeRatio Percentage of population that chose Escape action
93 act_SearchFoodRa | Percentage of population that chose search for food laction and
tio succeed
24 act_SearchFoodFa | Percentage of population that chose search for food laction and
iledRatio failed
25 | act_SearchFood2 Percentage of population that chose search for food 2 action and

Ratio

succeed
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Percentage of population that chose search for food 2 action and

26 | act_SearchFoodFa failed
iled2Ratio
27 | act_SocializeRatio Percentage of population that chose socialization action and
succeed
28 32532(:'3“262':&”6 Percentage of population that chose socialization action and failed
29 ;(;t_ExploratmnRa Percentage of population that chose exploration action
30 | act_WaitRatio Percentage of population that chose wait action
31 | act_EatRatio Percentage of population that chose eat 1 action and succeed
32 2ct_EatFa|IedRat| Percentage of population that chose eat 1 action and failed
33 | act_Eat2Ratio Percentage of population that chose eat 2 action and succeed
34 | act_EatFailed2Rat | Percentage of population that chose eat 2 action and failed
i0
35 act_ReproduceRat | Percentage of population that chose reproduction action and
i0 succeed
36 2gtﬁaRtf£JroduceFall Percentage of population that chose reproduction action and failed
37 | reprodrailed_age The average age_of individuals which failed to complete the
reproduction action
38 reprodFailed_ener | The average energy of individuals which failed to complete the
gy reproduction action
39 Ezﬁgg_reproductl The average age of parents 1 for the reproduction action
40 parentl_reproducti The average energy of parents 1 for the reproduction action
onEnergy
41 gﬁﬁgf_reproductl The average age of parents 2 for the reproduction action
42 parent2_reproducti The average energy of parents 2 for the reproduction action
onEnergy
43 | DistMating The average genetic distance between mates
The amount of unsuccessful reproduction actions due to lack of
reasonReproduceF . .
44 ; energy, divided by the total number of unsuccessful reproduction
ailed_Energy .
actions
The amount of unsuccessful reproduction actions due to no
reasonReproduceF . L.
45 ; available partner, divided by the total number of unsuccessful
ailed_NoPartner ! .
- reproduction actions
reasonReproduceF | The amount of unsuccessful reproduction actions where the reason
46 | ailed_PartnerEner | is that partner does not have enough energy, divided by the total
g number of unsuccessful reproduction actions
reasonReproduceF | The amount of unsuccessful reproduction actions where the reason
47 | ailed_PartnerActe | is that partner has already acted, divided by the total number of
d unsuccessful reproduction actions
reasonReproduceF | The amount of unsuccessful reproduction actions where the reason
48 | ailed_PartnerActio | is that partner has chosen a different action, divided by the total

n

number of unsuccessful reproduction actions
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The amount of unsuccessful reproduction actions where the reason

49 rgasonReprodugeF is that partner distant is greater than distance mating threshold,

ailed PartnerDist L . .
divided by the total number of unsuccessful reproduction actions

50 goncept_predCIos Average activation level of predator-close concept

51 | concept_predFar Average activation level of predator-far concept

52 goncept_foodCIos Average activation level of Food1-close concept

53 | concept_foodFar | Average activation level of Food1-far concept

54 ggncept_foodClos Average activation level of Food2-close concept

55 | concept_foodFar2 | Average activation level of Food2-far concept

56 ggncept_frlendCIo Average activation level of friend-close concept

57 | concept_friendFar | Average activation level of friend-far concept

58 Ssncept_energyLo Average activation level of energy-low concept

59 g?‘ncept_enerngl Average activation level of energy-high concept

60 fﬁ?gﬁ pt_foodLoca Average activation level of local food1-highconcept

61 ICEQ\(,:Vept_foodLoca Average activation level of local food1-low concept

62 ::a?g(]:ﬁ;z)t_foodLoca Average activation level of local food2- high concept

63 Icl?gsfzpt_food Loca Average activation level of local food2- low concept

64 g;)lnYc:Et_partnerLo Average activation level of partnerlocal-yes concept

65 gglnNcgpt_partnerLo Average activation level of partnerlocal-no concept

66 | concept_fear Average activation level of fear concept

67 | concept_hunger Average activation level of hunger concept

68 ;:):rcept_searchPar Average activation level search for partner concept

69 | concept_curiosity | Average activation level of curiosity concept

70 | concept_sedentary | Average activation level of sedentary concept

71 g?]ncept_satlsfactl Average activation level of satisfaction concept

72 | concept_nuisance | Average activation level of nuisance concept

73 | concept_escape Average activation level of escape concept

74 gzncept_searchFo Average activation level of search for food1 concept

75 ggrzlcept_searchFo Average activation level of search for food2 concept

76 | concept_socialize | Average activation level of socialize concept

77 concept_explorati Average activation level of exploration concept

on
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78 | concept_wait Average activation level of wait concept
79 | concept_eat Average activation level of eatl concept
80 | concept_eat2 Average activation level of eat2 concept
81 | concept_reproduce | Average activation level of reproduction concept
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Table A7. List of attributes and the result after applying attribute selection methods. The

attributes highlighted in red were removed at the first step (Bandehbahman 2014)

D | Attribute + Ilfw?(r)“((gin be:nglsr 3 Ste;?v;(iaseedYrCfs Segrecrr]]egg:fs
15 | distEvol 1 ° 1 100%
21 | nbArc 2 ) 4 100%
16 | stateOFbirth 3 10 80%
76 | concept_socialize 4 ° 3 100%
31 | act_EatRatio 5 ° 2 90%
38 | reprodFailed_energy 6 ° 5 40%
74 | concept_searchFood 7 ° 7 70%
80 | concept_eat2 8 9 60%
69 | concept_curiosity 9 12 90%
60 | concept_foodLocalHigh 10 ) 6 70%
61 | concept_foodLocalLow 11 16 70%
33 | act_Eat2Ratio 12 ° 8 100%
63 | concept_foodLocalLow2 13 90%
62 | concept_foodLocalHigh2 14 18 10%

| 72 | concept nuisance |16 | | _40% |

29 | act_ExplorationRatio 22 70%
67 | concept_hunger 23 80%
32 | act_EatFailedRatio 24 11 50%

| 18 |Enery | 26 | | 0% |

12

Entropy

29

13

50%

42

36

parent2_reproductionEne
rgy

act_ReproduceFailedRati
0

30

32

40%

30%
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11 | deadEnergy 34 60%
10 | deadAge 35 80%
25 | act_SearchFood2Ratio 36 50%

interBreedingRatio | 42 | | | 3% |

| 51 | conceptpredFar |45 | | 0% |
|17 ]Age | 47| | 40% |

diversitySpatialRatio | &1 | | | _80%

4 | birthRatio 53 30%
66 | concept_fear 54 40%
3 | individualRatio 55 30%

act EatFailed2Rato | 89 | | | _40%
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56 | concept_friendClose 71 70%
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AG. Classification, Specific Rules Associated to Each Run

Classification using J48 returned a decision tree for each data set, with each leaf being a
rule assigned to a specific class. Figure A7 — Al1 respectively represent the decision trees

related to datasets from run #1, #3, #4, #5, and all the datasets combined together.
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Figure A7. Decision tree corresponding to Run #1 with 9 rules (Bandehbahman 2014)
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Figure A8. Decision tree corresponding to Run #3 with 11 rules (Bandehbahman 2014)
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Figure A9. Decision tree corresponding to Run #4 with 4 rules (Bandehbahman 2014)
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Figure A10. Decision tree corresponding to Run #5 with 5 rules (Bandehbahman 2014)
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==0.5714 =0.45714

Figure A1l. The decision tree returned by J48 classifier on all the datasets combined together,
with 11 attributes and 20 rules (Bandehbahman 2014)
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