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1 General introduction
1.1 Intraspecific cooperation

In both intra- and interspecific interactions bedwerganisms, a trait or behaviour
that promotes successes of other individuals iermed as a cooperative interaction
(Sachs et al. 2004, West et al. 2007). In particullae intraspecific cooperative
interaction is an important element for consideargpciality of the species.

Intraspecific cooperation has been well studiednimals. The most remarkable
cooperative interaction is a eusociality that i®Wn in some insects and rodents, in
which some individuals sacrifice their lives or meguction for maintaining colony and
helping colony mates. Cooperative interaction s albserved on the breeding process
of fishes and birds, in which individuals care ttma-blood related juveniles (Wong and
Balshine 2011, Riehl 2013). It was reported thathiropters, carnivores and primates
individuals often share their foods with their cpesific neighbours (Wilkinson 1984,
East and Hofer 1991, Hoelzel 1991, Mitani 2009)o@rative vigilance of predators is
observed in some grouping birds and mammals tatptedators (Clutton-Brock 1999,
Carter et al. 2009, Pangle and Hole 2010). Infoienatbout predator is sometime
shared among group members by alarm call in bimtents and primates (Hollén and
Radford 2009, Gill et al. 2013, Fichtel and Kapp&@02, Shelley and Blumstein 2005).
Of course, human also represent various types oparative behaviours (Rand and
Nowak 2013).

Although abundant examples have been reportedsecia and vertebrates, the
intraspecific cooperation is not specific propedfythose taxonomic groups. Social
amoebas are well known to cooperate with neighbgurells for the movement toward
new resource (Kuzdzal-Fick et al. 2007) and for tieit-body formation in

reproduction (Li and Purugganan 2011). Yeast predwenzyme and obtain



decomposition products, but they often share thefitpof decomposition with
neighbouring cells (Greig and Travisano 2004). Sskhring of profitable chemical
materials also reported in RNA virus or bacteridiofiims (Brown 2001, Brockhurst et
al. 2008). These microbial examples can be corsiders a form of cooperative
interactions.

Cooperative interaction is also observed in plahtdi-herbivore defence of a plant
individual often reduces the herbivory on its néiglring ones, so-called associational
resistance, which is regard as a type of cooperd@ff and Ritchie 1998, Barbosa et
al. 2009). Although the associational resistance witially focused as interspecific
interactions, it is recently known that it alsost&d in intraspecific interactions. When
herbivore arthropods travel between plant individuand graze them, an individual
defence by toxic chemicals will mitigate the hediw pressure of neighbours through
reductions of the activity or survival probabilitf herbivores. When the herbivores
disperse to the neighbouring plant individuals rattee reproduction, the individual
anti-herbivore defence will reduce the number o€agding herbivores (Evans 1983). In
some plants, individuals attached by herbivoresipece and release specific chemical
signals to attract the predators of the herbivoreyhich the attracted predators could
reduce the herbivory pressure of its neighbounmtviduals (Sabelis and de Jong 1988,
Mumm and Dicke 2010). Cooperative interactions &dn{s are also reported in
pollination process of flowering plant. In the pgisthat attract pollinators by providing
rewards, reward production of a certain individobah positively influence pollination
success of conspecific individuals through learmpngcess of pollinators (Giurfa 1995,
Gigord et al. 2001).

According to these examples, the intraspecific eoafon is widely observed in



nature, which is often an important element foirthiness. Its evolutionary process is
a significant issue to understand biological inteoms. In the present thesis, | study
evolutionary process of intraspecifically coopemtinteraction from a theoretical point

of view.

1.2 Definition of cooperation

The term “cooperation” has been used in variousninga in previous studies
(West et al. 2007), which may potentially causefagsions. In order to investigate
cooperative interactions, its definition should darified. According to Sachs et al.
(2004), cooperation was defined as both inter-iatrdspecific interactions that traits or
behaviours of a focal individual (actor) increake fitness of others (recipient). This
can be regarded as a broad sense of definitionagaration, although a narrow sense
of definition has been also proposed (West et @72 Before an explanation of the
narrow sense of definition, we should categorizgpeoation into two classes.

Based on the effects on actor, West et al. (20@f¢gorized cooperation into
“mutual benefit” that associates with an advantaigihe actor itself and “altruism” that
is accompanied by a cost for the actor (West e2@0.7) (They refused to use a term
“mutualism” for the former because it includes was concepts and tends to represent
interspecific interactions). It is clear that thetoal benefit can evolve easily due to the
actor's advantage, whereas the altruism is unliteevolve owing to the cost for actors.
Because of the severe evolutionary condition, ewmiary biologist tends to focus on
altruism in comparison to mutual benefit.

It should be noted that two types of selective suess possibly drive evolution of
cooperationj.e., a direct advantage for actor and an indirect athge via recipients. In

the altruism, the indirect advantage is only sélecforce due to an absence of



advantage for the actor. On the other hand, imthtial benefit, both selective forces
are possiblei.e., the indirect advantage may potentially exist @dition to the direct
advantage. In a narrow sense of definition of coaipen, its evolution is essentially
driven by the indirect advantage (West et al. 200Y)other words, if its evolution is
driven by the direct advantage on actor only, feigarded as a selfish behaviour rather
than cooperation. Some other studies have usedetime “cooperation” for more
restrictive cases,e. only for altruism €.g. Nowak 2006). However, it is generally
difficult to separate two selective forces in engal studies. Furthermore, the narrow
sense of definition is not adequate when the tsaé continuous variable, where the
property of cooperation can change continuouslyeen mutual benefit and altruism

depending on the trait value (Doebstial. 2013).

1.3 Theoretical studies of intraspecific cooperation

Theoretical study of intraspecific cooperation watiated on the narrow sense of
cooperation (Hamilton 1964ab, Williams 1966). Tlo®meration in the narrow sense is
difficult to evolve owing to the cost for the acitself. Even if the cooperation becomes
prevalent in the population by some facta@gy( colonization or genetic drift), a less or
non-cooperative individual,e. a cheater or a free rider, can invade and increate
population by saving cost for altruism. Therefoedtruism must involve specific
mechanisms that enable both evolution and maintenam the population. In other
words, the indirect advantage of altruism shouldiéiected.

In order to find mechanisms promoting the evolutidmltruism, theoretical studies
have been actively investigated its mechanism Isedan various frameworks. One
important framework is a concept of kin selectidtaifilton 1964ab, 1972), which

considers a genetic similarity,e., relatedness, between actor and recipients. If the



relatedness between interacting individuals isdathan an average relatedness within
the population, altruistic behaviour can be settdepending on its cost and benefit for
actors and related recipients, respectively. Hewben individuals can recognize their
kin and choose them for the partner of the coopmeraaltruism can evolve more easily
(Hamilton 1964ab, 1972). Even if the individualswcat recognize their kin, the kin
selection can work conditionally. When individualsoose their partner based on a trait
that genetically correlates with the cooperatidtrusm tends to evolve through an
enhancement of interaction between cooperativetiveta (Bull and Rice 1991),
so-called “green beard” mechanism (Dawkins 1976 @xistence of dispersal also can
increase the frequency of interaction with relatetividuals, which conditionally result
in the evolution of altruism limitation (Nowak ahky 1992).

Another important framework is the game theory (Weumann and Morgenstern
1944, Maynard Smith and Price 1973, Maynard Sn882}, where individual fitness is
determined through interaction among players wiplecgic traits. Studies on the
cooperation using the game theory have starteddesceete game, in which individuals
choose their actions from several possible chaogscooperation or defection. Two of
the major discrete game models are prisoner's dieengame and snowdrift game
(Doebeli and Hauert 2005). Both of them consider ¢hoperative interaction between
two individuals, although the cooperation is altia in the former (with a cost for
actor), but mutual benefit in the latter (with aedit benefit for actor). Another major
discrete game is the public goods game, in whichviduals invest their effort to
produce a common benefit that is eventually shasedll concerning players (Archetti
and Scheuring 2012). It should be remarked thatpihlelic goods game partially

involves characteristics of both the prisoner'swhimna game and the snowdrift game.



The game theoretic approach has been extended cwithideration of information
reference in repeated interactions. For exampdgyer decides own action by referring
information of past plays or reputations about afgponent players (Trivers 1971,
Axelrod and Hamilton 1981, Nowak and Sigmund 1988nk 1995, 2003). Such
responding behaviour based on its opponent infoomainder the repeated interactions
is also known as a factor that makes the evolufaltruism easily.

In parallel with the extension of discrete game aisdresearches have also
developed another class of game model, the continuous game model, in which the
investment for cooperation is a continuous variafaither than the discrete limited
choices. In the continuous game, two models arergéy used,.e., the continuous
prisoner’s dilemma game and the continuous snotwgiaiine. According to Doebedit
al. (2004), the cooperative investment does not @mite a reward of the actor itself at
all in the continuous prisoner’s dilemma game, ibuhcreases actor’s reward in the
continuous snowdrift game. Differently from dis@ehodels, these definitions do not
correspond with altruism and mutual benefit, whick characterized by negative and
positive effects on the actor, respectively. Thideécause that such a categorization is
meaningless in the continuous game, in which effert actor continuously change
between negative and positive depending on thestimant for cooperation.

These continuous game models have been investigatedsing the adaptive
dynamics, which is an approach to analyse evolatpmprocess on continuous trait
space, combining game theory and quantitative gemeddel (Dieckmann and Law
1996, Metzet al. 1996, Geritzet al. 1998). In the adaptive dynamics, we consider the
invasion of a rare mutant into a resident popumtiozhose trait value is slightly

different from that of resident individuals. If tfitness of the mutant is larger than that



of the residents, the mutant will increase in tloguation, eventually replacing the
resident strain. This approach enables us to theallg investigate the evolutionary
process of the continuous cooperative trait.

Applying this approach, previous studies succelysfalealed the dynamic process
of the evolution of cooperative traits with contous variable. For example, previous
studies revealed dynamic process of emergence lgipophism in cooperation level
as a consequence of “evolutionary branching” (Dbebe al. 2004). Even if the
cooperation level is initially monomorphic in a pbgtion, it can be gradually
polymorphic with multiple strains depending on aperation process and parameters.
This process can also cause the oscillation of latipn size, driven by the dynamic
change of a frequency of cooperative individualshie population (Hauert et al. 2006,
2008). The increment of less cooperative strain regluce an average fitness of the
population, which sometimes results in an extinctaf the population, so-called
“evolutionary suicide” (Parvinen 2011). In the doobus game, cost and benefit of the
focal player are functions of cooperative investtaeonf all interacting players
(including the focal player itself), respectiveBrevious studies indicated importance of
the curvatures of those functions in the evolutbrooperation (Motro 1991, Doebeli
et al. 2004, Archetti and Scheuring 2012).

These models consider the evolutionary procesh@fcboperation levgber se
However, we can also consider another class of uéwolary trait, i.e, the
decision-making process of the cooperation level. &ample, some organisms can
flexibly choose their cooperation level based agirtipartner’s behaviour (Wright and
Cuthill 1990, Markmaret al. 1995, Beauchamp 2009). The evolution of such mespo

to the partner has been investigated by using sspeeific frameworkse.g, the



iterated version of the continuous prisoner’s dilgangame or the “negotiation game,”
in which individuals can repeatedly observe thartper’'s behaviour before carrying
out the investment. In both frameworks, it is assdrthat individuals can choose their
cooperation level based on that of their partnerwhich we would investigate the

evolution of the response in the cooperation. Bpgishese frameworks, the evolution
of the decision-making process of the cooperat®rell has been investigated. For
example, it was reported evolution of the reactmm cooperation level of the partner
can cause evolutionary fluctuation of the cooperatevel (Wahl and Nowak 1999ab).
The realized cooperation level can differ from tiwth evolution of cooperation level

itself (Taylor and Day 2004). However, the evoloaoy pattern of the decision making
process have not been revealed well compared totltaoperation level itself because

of the difficulty of the analytical investigatiosde below and Chapter 3 in detail).

1.4 Purpose of this thesis

As | explained in above, previous theoretical stsdcan be classified into two
classes regarding to the focused evolutionary, tiraif evolution of cooperation level
itself and evolution of reaction mode to decisidnopponent. These studies have
successfully revealed mechanisms of evolution aitinoous cooperative trait, but
some issues still remain to be solved in each stiahs. In the study class focusing on
the evolution of cooperation level itself, the pes of producing cooperative reward
from individual contributions has not been considein detail. In the study class
focusing on the evolution of reaction mode, genpraperty of the evolutionary process
of reaction mode with continuous cooperative tragéige been revealed insufficiently. In
this thesis, | reveal those issues by developiegrétical models,

In Chapter 2, | investigate evolution of coopenatievel, focusing on a relationship



between functions of cooperation process and cdondibf the emergence of
polymorphism in cooperation levels within a popigiat Intraspecific cooperative
interactions of organisms sometime involve polynhism of investment for
cooperation (see Introduction of Chapter 2 for reahmples). The conditions of
emergence of polymorphism in cooperation have lbeoretically investigated by
using continuous snowdrift games. Those studiesyelier, tended to consider a
restricted class of interaction. In the cooperatovacess, individual investments are
eventually aggregated to produce benefits, accom@diy costs for the actor. Previous
studies were likely to assume a simple functiontfmse benefit function (aggregation
process) and cost function. In this study, | iniggde the evolutionary process by
considering more general functions and indicaté dggregation process in cooperation
is an important determinant of coexistence of rpldtstrains with specific cooperation
level. This finding provides a significant implicat to understand the observed
polymorphism in organisms.

In Chapter 3, | study the evolution of reaction mdd opponent player, focusing
on effect of error in negotiation process. Orgasigmtentially exchange information
about their decision in cooperation each other hatijon process), by which they can
decide their cooperation levels (see Introduction Ghapter 3). Some studies
investigated evolution of functional form of reacti mode by using continuous
snowdrift game. Despite of various approaches ethveere likely to reveal only limited
properties of the system due to complexity of thkel@ionary dynamics of reaction.
Contrary to this, | found that an existence of efronegotiation process can reduce
such a complexity and enable further theoreticalyans. This analysis can contribute

to understand evolutionary process of a higher|lefecooperation system with



information exchange.

In Chapter 4, | summarize the influence of struetwf interaction among
individuals on the evolution of cooperative. | diss the importance of our findings for
considering the empirical examples of the coopematiFinally, |1 discuss some
unconsidered ecological factors in the presentithesd indicate some future works

which are important for more deep understandingiiti evolution of cooperation.
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2 Relationship between aggregation of rewards and the possbility of
polymor phism in continuous snowdr ift games

2.1 Introduction
Cooperative relationships have been widely obsenvegrious taxonomic groups,

involving bacteria, reptiles, mammals, and plamsdatkin 1997, Sachst al. 2004,
Melis and Semmann 2010, Raihaei al. 2012). Previous empirical studies on
cooperation have often reported the existence afa-fpopulation variation in
cooperation level. For example, yeasts cooperate meighbouring cells by sharing
their profit in the process of resource decompasjtin which morphs with different
levels of enzyme production can coexist (Greig @ral/isano 2004). Animals or birds
form groups and cooperate in being vigilant to apphing predators, but some
individuals vary in their contributions to groupifance (kangaroos, Cartet al. 2009;
hyenas, Pangle and Holekamp 2010). In plants,stheen reported that anti-herbivore
defence by an individual plant often reduces henyivon its neighbouring ones
(so-called “associational resistance”), under whictymorphism of defence level is
also observed in some cases (Agragtal. 2002, Hare and Elle 2002).

Some previous studies theoretically tried to exptaie empirical examples of the
polymorphism in cooperation level. One remarkabidihg in theoretical studies is that
in the continuous snowdrift game evolutionary brang conditionally occurs, which
result in the emergence of polymorphic cooperalemels (Doebeli et al. 2004). After
this finding, following studies have investigatén tinfluences of the various factors on
the emergence of polymorphism (Brannstréiral. 2011, Parvinen 2011, Wakano and
Iwasa 2013). Fluctuation in group size either $izds or destabilizes the dimorphism
of cooperative levels depending on the shape obfpdynction (Brannstromet al.

2011), the existence of metapopulation structuexes the condition for the emergence
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of polymorphism (Parvinen 2011), and a small pojpaasize prevents evolutionary
branching (Wakano and Iwasa 2013). Functional foohseward and cost are also
proposed as an important factor for the coexisterigeolymorphic cooperation levels
(Archetti and Scheuring 2012). Doebedial. (2004) indicated that the concavity of both
reward and cost functions is a necessary and miufticondition for the occurrence of
evolutionary branching.

These previous studies, however, generally have leas attention to the process
by which rewards result from investment. In the gass of producing reward on
cooperation, each individual provides ‘investmemti order to obtain some
advantageous ‘effect,” the amount of which can bpresented by a function of
investment €.g. an investment produces an effed{z)). For example, yeast produce
enzymes in order to produce decomposition produetsjn the group vigilance
individuals consume time in vigilance in order tetett their predators. In cooperative
interactions among multiple individuals, the cdmiitions of neighbouring individuals
are aggregated, and consequently each individuainsba resultant effect as the reward
of cooperation. We can consider some types of @ggie process depending on the
mechanism of the aggregation.

First, we can consider two aggregation stages apgmon whether the individuals’
contributions are aggregated at investments orffatte. Here, effects refer those
produced by the investments. Aggregations of imaests and effects will have
equivalent consequences only if the aggregatiaddstive and the relationship between
investment and effects are linear. However, theditimm is not likely to be realistic in
most cases. For example, the amount of enzyme peddoy yeast will not be linearly

related the obtained decomposition, because thengmusition rate generally follow
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Michaelis-Menten kinetics (Zaks and Klibanov 198bhe detail of the cooperation of
yeast should be investigated by considering thenated reaction-diffusion process.(.
Borensteinet al. 2013, Archetti 2014, Scheuring 2014). However, denerality of
analysis, | summarize those processes into twolsieguations, which are ineffective
for quantitative predictions but effective for qtetive investigation of essential
mechanisms in the considered system. One is tlcht iedividual produces enzynze
and the total of this enzyme by all group mates,is used to produce decomposed
productsf(Xz), in which aggregation occur before producing piad. Alternatively,
each individual invests energyo produce decomposed produii, the total of which,
>f(z), benefits the focal individual. In this case, thggregation occurs after the
producing products. | call the former “aggregatioh investments” and the latter
“aggregation of effects,” respectively throughche paper.

The second issue is how the factors are associadedadditive aggregation” or
“multiplicative aggregation” €.g.Xz or [1z). An additive aggregation often applies to
material benefits such as enzyme or decompositiovdyets in yeast, but the
multiplicative aggregation is also conceivable. §idar group vigilance: if individual
bouts of vigilance overlap, the probability of gpuj a predator is calculated by the
product of the probabilities of a single individuat finding an enemy. This is also a
greatly simplified situation, and the group vigiten should be investigated by
considering behavioural process in detalg( Proctor et al. 2002). However, this
example shows that multiplicative benefit is moppr@priate in some cases.

Third, we can classify the cooperation accordinthereward typeg,e. the reward
is obtained through whether promotion of advantaigsuppression of disadvantage. In

the cooperation in yeast, more investments prorticgeadvantage by producing more
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decomposition products. Contrarily, in group vigda, more investments suppress the
disadvantage by reducing the risk of predator kitddis difference will appear as
whether the reward term is positive d(g is increasing, or the reward term is negative
andf(2) is a decreasing function.

Accordingly, we can categorize the aggregation ggees of producing reward with
respect to three aspedats, (i) additive or multiplicative aggregation, (ii) ggggation of
investments or effects, and (iii) promotion of adzaye or suppression of disadvantage
(Figure 2.1). As a component of the payoff functigmevious studies are mainly
focused on the functional shapes of reward and, dngt not considered effects of
aggregation process. For example, most of the guevwinodels of continuous snowdrift
game (Doebeli et al. 2004, Brown and Vincent 20B8rvinen 2010) assumed the
aggregation process, which | call "additive aggtegaof investments with promotion
of advantage.” Yet, in order to understand genamapberties of evolutionary processes
in a continuous snowdrift game, we should analyseevolutionary dynamics for
various possible aggregation processes in rewards.

In this analysis, | investigate two properties:tki¢ possibility of the occurrence of
evolutionary branching leading to polymorphism &indthe possibility of the sustained
coexistence of polymorphism. | also compare thii@nfce of the functional shapes of
effect and cost among aggregation processes. ytaadly show that these possibilities
are different depending on the type of aggregatimtess of rewards. My results show
us the condition for the emergence of polymorphighest are observed in various

organisms.
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2.2 Model
2.2.1 Payoff function

| consider a sufficiently large asexual populationdividuals of which are
categorized into morphs based on their trait valbes social interactions, it is assumed
that N individuals are randomly chosen from this popolatto form a group, within
which members interact with each other. Consideergain individual in an interacting
group, a trait value of which is representedybyhe payoff of this individual depends
on the traits of itd\N-1 group mates. Those group mates can be polynwiphirait
values. In particular, | refer to the trait valuedanumber ofi-th morph in the group
except for the focal individual ag andn; (>0 andXn=N-1), respectively. When the
total number of morphs in the population g an assemblage of group mates is
represented by & ni)}i=1..m, Which is an assemblage of,(n;) of all morphs. In this
group, the payoff of the individual with trayt given the traits of the other group
members is

Wy (%, ni)}i=.m) = F(y {6, m)}i=1.m) - 9(Y) , (2.1)

where the first and second terms of the right-hsidd are the reward and the cost of
cooperation for the focal individual, respectivdlassume that the cost functigfy) is
a monotonically increasing function pf

Because the group mates are randomly chosen frenpdpulation, the expected
payoff of the focal individual with trai is calculated by asking the expectation over all
possible combinations of group mates. Let us remtethe frequency afth morphs in
the population ap; (Zpi=1). The probability of obtaining the compositioh group
mates {, ni)}i=1.m follows a multinomial distribution, which | repras in this article

as
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N _1 n N _1 ! n, n,
p :#pln1 P, P m (22)
n n'nyt---n_!

Averaging Eq.(2.1) with this probability, the expstt payoff of the focal individual

with phenotypic valug is

W(y {06, p)}ies. m)=;K ) 1JD”F(yI{(>ﬁ,ni)}izlu_m)}-g(y) . (23)

2.2.2 Five possible aggregation processes

In this study, | consider the difference of the @ggtion processf individual
contributionson the rewardFor simplicity of explanation, | represent the ttralues of
all group members byz(, z,..., zy), including the focal individual’'s. Each individua
provides investmentz, which results in some advantageous effect. Thikvintual
investments are translated to the reward diffeyediéégpending on its aggregation
process as illustrated in Figure 1. Thus, the rdwanction of focal individualF, is
defined by two factorg.e.,the aggregation process of individual contributjcarsd the
functional shape of effeé{z) determined by investment| assume that the rewaFde)
always increases as the amount of investmentsasgese althouglfi(®) can be both
increasing and decreasing functions depending erafjyregation process. | represent
the effect functions in former and latter casé.@$ andf_(¢), respectively.

| consider aggregation processes with respectreethspects,e. (i) additive or
multiplicative, (ii) aggregation of either investms or effects, and (iii) promotion of
advantage or suppression of disadvantage. By cemsgdthe every combination of
these aspects, we obtain eight types of aggregatiocess. However, expect for the
combination of multiplicative aggregation of effe@spect (iii) does not yield an

essential difference, because one can always domveanonotonically decreasing
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functionf. (¢) to a monotonically increasing functidsfe) simply by adding a minus sign

in its front. On the other hand, in multiplicatiaggregation of effects, where the
“promotion of advantage”-type reward functidif.(z), cannot be transformed to the
“suppression of disadvantage”-type reward functid,(z). This difference may seem

trivial. However, the functional form of aggregatiprocess influences the curvature of
the reward function (and then payoff function), gfhican be a significant determinant
of evolutionary dynamics. It may ultimately affebe possibility of the occurrence of

polymorphism in cooperation level.

As a result, we have five types of aggregation @seqFigure 2.1). The first four
functions, f(*) andf.(¢), are monotonically increasing. The bottom fumat f.(¢), is
monotonically decreasing. | also assume thas always positive in multiplicative
aggregation of investments, and thatandf. are positive in multiplicative aggregation

of effects.

2.2.3 Evolutionary properties

| analysed the evolution of cooperation level usedpptive dynamics theory
(Dieckmann and Low 1996, Me# al. 1996, Geritzet al. 1998). | seek for a solution
satisfying the two conditions; (i) all coexistingrans have the same payoff
(=feasibility) and (ii) each strain has zero setecttgradient with respect to its
cooperation level. The population satisfying thi¢elacondition is called “evolutionarily
singular coalition.” It is a generalization of “dutionary singular point” for a
polymorphic case. Consider a population witk {6 )}iz1..m. The former condition can

be written as

WO (%, P} iezm) = WO {06, PO} =) V0 jk=1.m (2.4)
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If these simultaneous equations have no real soisitione morph becomes extinct.
Otherwise, coexistence is achieved. For coexistesaeing Eq.(2.4) provides a set of
equilibrium frequencies [ }i=1.m that can be expressed in terms &ff {1 m with
which we can rewrite the payoff at the coexistitates as\W(y | X1,X2,...Xm), excluding

{p'}i=1.m Dieckmann and Law (1996) showed that the seleaimdient of, can be

written as
d ow Xy
B = 0,30 x) e | (2.5)
y

y=X
where fi(x1, X2, ... Xm) IS @ positive coefficient determining the rate eMolutionary

change of. Therefore, the condition for the evolutionaryggilar coalition x (or

i=1..m

the evolutionary singular point fon = 1) can be written as

d ox s :
a—yW(y|x1,x2,---xm =0 O0=1-m. (2.6)

y=%

On a solution that satisfies both Egs. (2.4) an@)(2 investigated two kinds of
stabilities of the solution concerning their evautry property,i.e, convergence
stability and evolutionary stability. The convergerstability shows that a focal singular
solution can be evolutionally reachable or not frarslightly different state from the
singular solution by invasions of mutants. On tkieeo hand, the evolutionary stability
shows that a focal singular solution can be susbdynmaintained under invasions of
mutants whose strategy is slightly different frdme solution. If the solution is both CS
and ES, the solution is a continuous stable st@@&S( Eshel 1983). If the singular
solution is CS but not ES, an evolutionary branghiiccurs and a new morph with a
different cooperation level joins the populatidnthie singular solution is not CS, such a

solution will never be reachable as a result ofl@an. According to Geritzt al.
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(1998), the solution is ES when

2
:—WW(y|xI,x;,---x4 <0 Oj=1.--m (2.7)

y=X|
is satisfied. The condition of CS can be invesaddiy examining a matrid whose {,

j)-element is

M

[ﬁi(x;,x;,---x;)aW(y'Xl’XZ""Xm)| - (2.9)

_0
T ox. oy

i y=x
The solution is CS when real parts of all the eigdummes ofM are negative (Leimar

2009).

2.2.4 Evolutionary polymorphism and sustained polymorphis

By examining these evolutionary properties, | iriggdge two types of possibilities
of the existence of polymorphism. First, | considee possibility of emergence of
polymorphism by successive evolutionary branchmgifa monomorphic state. If there
is a feasible singular coalition in a populatiortham = | morphs and an evolutionary
branching is possible at the singular coalitiongaalutionary branching occurs and the
number of morphs becomes=|+1. By successively examining this condition from a
monomorphic to polymorphic population, | investgahow many morphs can
potentially appear through evolutionary branchimgthe present study, | refer to this
potential as the possibility of “evolutionary polgrphism.” Notice that the word
“evolutionary” is a key here, because this termgasgs the possibility of polymorphism
through an evolutionary process. In summary, Itbay an evolutionary polymorphism
with | morphs is possible if (i) the singular coalitioremn be CS but non-ES for states

with 1, 2, ... ||-1 morphs, (ii) singular coalitions can be feasiiolestates with 1, 2, ...,
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| morphs, and (iii) the singular coalition can be &fd ES for a state withmorphs.

By examining these three conditions, | investigates possibility of evolutionary
polymorphism for five types of aggregation procddse detail of the analyses is shown
in Appendix 2.A. Here | show the analyses for addiaggregation of effects (AE) and
additive aggregation of investment (Al) as the eplms. In AE type, the payoff of a
mutant withy in a monomorphic population withcan be written as

W [¥) = (N-1)f () +f(y) - 9(y) - (2.9)
According to Egs. (2.7) and (2.8), the singulanpax” become CS but non-ES when
f'(x) <g"(x) <f'(X) . (2.10)
Since left and right inequalities are never sadfsimultaneously, an evolutionary
branching never occurs. Therefore, the conditipns(never satisfied whein> 1, and
we can conclude that the evolutionary polymorphisith two or more morphs is
impossible in AE type. On the other hand, in Aldyghe payoff function can be written
as
W [¥) =f(N-Dx+y) —aly) . (2.11)
The singular points become CS but non-ES in a monomorphic populatioany
NF"(NX )< g"(x') < F"(NX ) . (2.12)
This condition can be satisfied dg{x) < f(NX) < 0, therefore we cannon reject the
possibility that the condition (i) with= 2 can be satisfied. Moreover, | can show that
we cannot also reject the possibility of the existe of a solution satisfying the
conditions of evolutionary polymorphism witl> 2 (Appendix 2.A). Consequently, in
Al type, the evolutionary polymorphism with two onore morphs is potentially
possible. | investigated the possibility of evabutary polymorphism for the other types

of aggregation process (MI, pME and sME) by usiingjlar analysis (see Appendix 2.A
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for the detail of the analysis).

Second, | consider the possibility of the sustaioeexistence of multiple morphs
in a polymorphic population. Even if we find themmoer of morphs (<l) such that a
singular coalition withk morphs never satisfies a branching condition (ketie
emergence of polymorphism with morphs is never possible through a successive
evolutionary branching), one cannot reject the jpdgyg of a sustained polymorphic
solution when the polymorphism is already establisfor some historical reason. For
example, when individuals immigrate from differemvironments, or when mutations
with large effects on trait values occur, the pagoh can be polymorphic potentially
without the occurrence of evolutionary branchingwcls a potential can simply be
examined by studying conditions for both feasipiind evolutionary stability of an
evolutionarily singular coalition with morphs, ignoring the property of a singular
solution with 1, 2, ...|-1 morphs (see Appendix 2.A). In the present studsfer to this
potential as the possibility of “sustained polymagm.” Note that the word “sustained”
is a key here, because we do not a priori assummenachanisms of how a polymorphic
population withl morphs was initially built up. To summarize, | sédwat a sustained
polymorphism withl morphs is possible if (i) a singular coalition daa feasible for
states with morphs, and (ii) this singular coalition can be &l ES. By definition, if
the evolutionary polymorphism withmorphs is possible, it automatically suggests that
the sustained polymorphism witlmorphs is also possible.

Here | show the examples of the analysis for thesibdity of the sustained
polymorphism for AE type and Al type. Please se@&mlix 2.A for more details and
the analyses for the other types of aggregatioMHrtype, the necessary condition for

the coexistence ah morphs is that the simultaneous equations
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fx) -g(x) =f(x) -90¢) VvV i,j=1.m, (2.13a)

fx)=g(x) V i=1l.m, (2.13b)
have a solution. Because Eqgs. (2.13a) and (2.18dy yn1 and m constraints
respectively, there aren®l constraints in total. The number of unknown akles in
Egs. (2.13) ism (i.e,, trait valuex i-1..m). Since the number of variables is fewer than
that of constraints fom > 1, two or more morphs cannot coexist; the susthin
polymorphism with two or more morphs is impossiimeAE. On the other hand, in Al
type, we already know that evolutionary branchisgpossible (see Eq. (2.12) and
Appendix 2.A). Since the evolutionary polymorphissna sufficient condition for the
sustained polymorphism as mentioned above, thaisest polymorphism with two or
more morphs is also possible in this case. By usinglar analysis, | investigated the
sustained polymorphism for the other types of agmpien processi.€. MI, pME and
SME, see Appendix 2.A).

It should be noticed that | focused on necessanyditions for evolutionary
polymorphism and sustained polymorphism rather thafficient conditions. These
conditions do not ensure that a polymorphism withagpropriate number of morphs
always occurs. However, it is surely ensured thiaémwthe concerning conditions are
violated those phenomena never occur. My study higs tuseful in elucidating
evolutionary conditions for polymorphism, and itshdirect implication to empirical

studies.

2.3 Results

2.3.1 Influence of the aggregation process

| analytically investigate the possibilities of déwtonary and sustained
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polymorphism by applying the general approach desdrabove for five types of
aggregation process (see Appendix 2.A for detdilsyp analyses) under the condition
without any restriction for the functional shapéshe effectf(e) and the cosg(s). Table
2.1 summarizes the result of the analytical ingasibn. According to the present
analysis, both Al and MI could result in evolutiopand sustained polymorphism with
more than two morphs. Even in those cases, thenmjyhism with more than two
morphs tends to occur under restricted conditiomy. cCarefully choosing adequate
functional forms and parameters, we can show thergence of polymorphism through
an adaptive dynamic process by using individuaktasimulations (Figure 2.2, the
detail of the simulation is written in Appendix 2.BOn the other hand, AE leads to
monomorphism only, resulting in neither dimorphismor polymorphism. This is
because the singular solution does not depend @ratiount of investments by the
other individuals (see Eq. (2.A9) and (2.A10) inp&pdix 2.A). This implies that
interactions among individuals are not relevant khat the efficiency of one’s
contribution is simply maximized through an evabatry process. Therefore as a
solution of simple optimization it results in a noomorphic state.

Interestingly, in the case of ME, the possibilitly evolutionary polymorphism is
different between whether cooperation is advanfagesoting or it is
disadvantage-suppressing. In the sME, monomorplaisch dimorphism are possible
although polymorphism with more than two morphgeserally not possible except for
some degenerate cases. On the other hand, foMBe gimorphism never results from
an evolutionary branching, but is sustained. Timplies that in such a case, mutations
with large effects or migrations from another p@pin are needed to result in

dimorphism. | also consider the situation that @aiviidual investment either more or
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less influences its own reward than those from rotmembers. However, such
inequality of the group member’s contribution dows alter the general results of my

analysis (see Appendix 2.A).

2.3.2 Influence of the functional shapes of effaod cost

The functional shapes also influence the possihiitthe evolutionary branching.
Next, | examine the influence of their functionbhpes on the evolutionary process. To
do so, | categorize the functional shapes simptg fiour types,i.e. linear, convex,
concave, and the other functional shameg.Sigmoid), | call the last type as complex
type. | examine the condition for evolutionary brilmg by focusing on Al, Ml and
SME (see Appendix 2.A) and reveal the combinatibthe functional shapes of effect
and cost that realizes evolutionary branching. By to the above analyses of
evolutionary and sustained polymorphism, | consitegessary conditions under which
polymorphism occurs.

Figure 3 shows the summary of the analysis. In Bdtrand MI, evolutionary
branching can occur only whéoth effect and cost functions have a deceleratingeshap
at the singular solution. Therefore, both effeall @ost functions must be in either a
concave or complex shape for the occurrence ofchiag. On the other hand, in SME,
evolutionary branching can occur wheither effector cost function has a decelerating
shape at the singular solution, and, thereforéeeieffect or cost function should be

either a concave or a complex type of functionefeslutionary branching.

2.4 Discussion

In the present study, | show that the aggregatimtgss of rewards significantly

influences the possibilities of both evolutionarpmdasustained polymorphism in
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cooperation level. Previous studies have reportadtipte factors affecting the
emergence of polymorphism in cooperation levelsefidti et al. 2004, Brannstronet
al. 2011, Parvinen 2011, Wakano and Iwasa 2013). Hewydley focussed on the
payoff functions that conditionally enabled polymloic cooperation level to evolve.
Although some previous studies investigated thiei@émice of the aggregation process of
reward with focusing on some specific caseg.feaction-diffusion process of yeast in
Borensteinet al. 2013, Archetti 2014, Scheuring 2014), the genesdtern of the
influence of the aggregation process on the ewwutf cooperation has not been
revealed. By considering a wider class of payofictions with various aggregation
processes of reward effects, the present analgsigisantly generalised these works to
show the potential possibility of evolution of polgrphism. | indicated that
polymorphism of cooperation levels never emergesnfithe evolutionary process
unless the aggregation process is Al, Ml or sMEetyponsequently, | show that the
type of aggregation process is an important andarkable element of cooperation
when we consider the variation of cooperation lgvel

By applying my findings to the empirical examplésooperation, | can predict the
possibility of variation in cooperation levels frothe information of aggregation
process, or suggest the mechanism of aggregatmress itself under an existence of
variation of cooperation level. In the cooperatidryeasts, for example, both Al and AE
types are possible depending on whether they gsharelecomposing enzyme or the
decomposed products. According to my results, catjpe level becomes always
monomorphic under AE, but can be polymorphic untlie(see Table 2.1). In reality,
yeasts may share both enzyme and decomposed pquobiably through the chemical

reaction-diffusion process, and my classificatidrth@ type of aggregation in yeast is
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generally difficult to apply to realistic situatisrdirectly. However, it is possible to
predict from my analysis that some level of enzystaring with neighbours is
necessary for the coexistence of multiple morphth wifferent abilities of enzyme
production (Greig and Travisano 2004). In additiosg, can also predict that both the
amount of decomposed products and the individustl abproducing enzyme should be
concave functions of amounts of the total enzyme #me individual enzyme,
respectively (see Figure 2.3). Indeed, an experiahaitudy reported that the functional
shape of benefit and cost are concave in an expatahsystem where dimorphism of
the producing ability of enzyme is observed (Gatral. 2009).

Polymorphism in the plant defence (Agravwealal. 2002, Hare and Elle 2002) can
also be caused by the cooperative interaction ccalksociational resistance, but the
aggregation process of them depends on the mecharithe associational resistance.
In order to discuss the effect of the aggregaticocess in the plant defence, let us
consider some simplified situations. For exampleg qgossible situation is the
production of toxic chemicals against herbivorescihvisit plant individuals one by
one and feed on thene.{. grasshoppers or caterpillars). Because toxic atedmwill
reduce the activity or survival probability of tfeeding herbivores, the production of
toxic chemicals will mitigate the herbivory pressuof neighbouring. If the toxic
chemicals accumulate in the feeding herbivore amshteially result in the reduction of
herbivores' survival probability, the aggregatiamqgess is categorized to Al. On the
other hand, if the toxic chemicals do not accunaulatthe herbivores but reduce their
survival probability multiplicatively by each feedj event, the aggregation process will
be sME. In these cases, we can predict that in basies dimorphism of defensive

chemical production can emerge. We can also congiteer type of associational
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defence in plants that is against herbivores rapiog on plant individualg.g.aphids,
spider mites or white flies). If the herbivores plisse to the neighbouring plant
individuals after the reproduction, the individwdgfence will reduce the number of
spreading herbivores. In this case, the numberedbifores on each plant will be a
summation of remaining herbivores and dispersainfreeighbours, the aggregation
process of which will be categorized to AE, alwagsulting in monomorphism of
defence.

In the analysis of the possibility of evolutionaaypd sustained polymorphism, |
assume that the cooperative trait is determineetgeily and that it evolves with small
mutations. However, in the cooperation based onfléwble decision-making and
behavioural actiong(g. group vigilance against enemy), individuals caange their
cooperation level discontinuously at any time. licls a case, coexistence of multiple
phenotypes can be realized by a mixed strategy wntlitiple tactics rather than
phenotypic polymorphism; hence we cannot apply ghesented analysis directly to
such behavioural cooperation. However, by an adeqeatension of the present
analysis, the conditions for sustained polymorphiare applicable to behavioural
polymorphism that is controlled by flexible decisimaking by individuals (Appendix
2.C). Consequently, we can discuss behavioural eratipn based on the presented
results. For example, in the group vigilance fotural enemy, individuals seem to
aggregate the probabilities of finding enemiesaathan the investment in the vigilance
itself, which would correspond to the aggregatibeftects. When every group member
scans the same area, the probability of no onenfindn enemy is the product of the
probabilities that each individual fails to find which can be categorized to SME. On

the other hand, when each individual scans a diftesirea, the probability of finding an

27



enemy will be a summation of the probabilities a@ficlke finding an enemy, which
coincides with AE. Therefore, we can predict thatymorphisms of vigilance level
(Carteret al. 2009, Pangle and Holekamp 2010) will be observag om the former
case. However, we should consider carefully whenapely the present result to the
behavioural polymorphisms. Generally speaking, iehaal polymorphism is realized
not only by a mixed strategy that is evolutionarilstable, but also by
condition-dependent alternative strategies. Nonengf"impossibility” results rejects
the possibility of behavioural polymorphism reatizgy condition-dependent alternative
strategies.

In the present analysis, the payoff function is@informulated as reward minus
cost, but another expression may be possible deapgndn the mechanism of
considering cooperation. When we consider the twmathat individuals use a
common-pool resource cooperatively, consuming éseurce of an individual increases
its own payoff but reduces the common rewardsutihsa case, an individual’s cost will
be a function of both own and other's investmeritdents reward will be a function of
only its own investmente.g. f(2-g(X2) (Killingback et al. 2010). Nevertheless by
applying a translatiop=-z ,f(-)=-g(+) and()=-f(-) ,we can apply myltesu
to such case, the result of which is consistert e result of Killingbaclet al. (2010).

A payoff can often be expressed as the produceward and coste(g.f(£2)g(2) in
Brannstrom and Dieckmann 2005), but we can simg@p such cases to my framework
by using the log translation of payo#.§.log[f(£2)] - log[g(2)™]).

Although | successfully revealed the importancehaf aggregation processes on
the evolution of polymorphic cooperation level, rin@re some open questions. In the

present study, | categorized the aggregation psesesccording to the stage of
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aggregationij.e. the aggregation of investments or effects. Howeves also possible
that individuals aggregate both their investmemtsl @ffects. In reality, such an
aggregation process can be consideeaglin the cooperation of yeast, they may share
both enzyme and decomposed products rather thiaer it those. Such a multi-stage
aggregation may alter the properties of the evatuaf polymorphism. In addition, the
studies about the aggregation process with focusingpecific empirical systems of the
cooperation are also important for detecting tredogical factors or parameters which

determine the emergence of polymorphism.
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Figures
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Figure 2.1

An image of thetypes of aggregation process of rewards obtainedobgidering
the combination of three aspects. In the processhef cooperation, individuals’
contributions are aggregated on the stage of imas#s (boxes) or effects (circles),
which eventually yields individual rewafe The plus and multiplication signs indicate
the aggregation is additive and multiplicative, pexgively. The difference that the
reward type is promotion of advantage (arrows withs signs) or suppression of
disadvantage (arrows with minus signs) also makfsrehce in the multiplicative
aggregation of effect, but in other cases it yigldgifference (see main text in Model).

Therefore, Al, MI, and AE are represented withastidction of the difference.
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Cooperation Level
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Figure 2.2

An example of individual-based simulation, resgtin evolution of polymorphism
with more than two morphs. The darkness of the wokhows the density of the
individuals with the cooperation level (verticaligxin the population at the generation
(horizontal axis). Under the aggregation type Ahcave effect and cost functions,
multiple evolutionary branchings are possible.His ttase, three morphs with different
cooperation levels emerge and coexist in the paipual@volutionarily. The detail of the

simulation and the parameter values are shown peAgix 2.B.
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Figure 2.3
Relationship between branching conditions of mongiic singular solution and
functional shapes of effect and cost. Rows andneofuare the functional shapes of

effect and cost, respectively.
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Tables
Table 2.1

The possibilities of evolutionary and sustainedypwrphism in each type of

aggregation process from the analytical investigafsee Appendix 2.A).

Possibility of evolutionary ~ Possibility of sustained

Type of
aggregation process polymor phism polymor phism
Al f(Z2) Polymorphism Polymorphism
Ml f(I12) Polymorphism Polymorphism
AE >f(2) Monomorphism Monomorphism
pME [1f(2) Monomorphism Dimorphism
sME 11f.(2) Dimorphism Dimorphism
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3. Evolution of reaction in the negotiation game with behavioural error
3.1 Introduction

In studies of evolution, we should clearly denoteategies of organisms. In
theoretical studies of cooperation, the amountneEstment in cooperation has been
considered as a strategy of organisms under whiadiugonary mechanisms of
cooperation have been successfully revealed (SmidhPrice 1973, Doebadt al. 2004,
Chenet al. 2012). This assumption of strategy can be justifidnen the investment is
genetically determined without any flexibility,e. individuals cannot change their
action in an interaction (McNamaea al. 1999).

On the other hand, an alternative situation mayals® possible, where an
individual flexibly determines its own investmerdr fcooperation depending on the
behaviour of interacting players. For example,hiére is a time for communication
among players before decision making, individuataild change their strategies
following observation. Importantly, this system meffectively prevent increments of
cheater and free-rider because an individual canediately respond against an attitude
of cheating (Axelrod 1984, Posch et al. 1999, Mcleast al. 1999). In this situation, a
response rule to the behaviour of partner candieategy to evolve. In other words, the
strategy can be a response function to partnéitsdat, which is analogous to "reaction
norm" in phenotypic plasticity.

Indeed, several studies empirically suggested entsts of reactive decision
making in cooperation. For example, some birdsromals form breeding pairs and
take care of their offspring cooperatively. Somepgital studies reported that an
individual often changes its own investment for fagental care depending on that of
the partner (Wright and Cuthill 1990, Markmanal. 1995). In the group vigilance in

gulls, an individual often monitors the vigilancehaviour of their neighbours, and
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changes its own vigilance behaviour (Beauchamp 2009he cooperation of microbes,
they share the chemical materials with their neaginb through the chemical diffusion
process. Microbes generally control their productiate of enzyme depending on the
concentration of chemical materials around thenmesaf which are produced by
neighbours. As a consequence, each cell can itlgirgatain the information about the
production rate of neighbouring cells and changé# thwn production rate (Ruenests
al. 2003, Henseet al. 2007, Czechowskat al. 2014). In plant species, anti-herbivore
defence sometime involves a structure of cooperatio which an integration of
individual defences effectively reduces herbivorg them, so-called association
resistance. It is often reported that a plant iadial changes its phenotypic character
responding to information from their neighboursotigh volatile substances released
into the air (Karbaret al. 2014), root exudates in soil (Semcheréoal. 2014) and
chemical signals in hyphae of shared mycorrhizaggiuBabikovaet al. 2013). This
suggests that plants can potentially determine tiven defence level responding that of
neighbours.

The evolution of reactive decision of cooperatiehdwviour has been theoretically
investigated by extending frameworks of game thébgynard Smith and Price 1973,
Maynard Smith 1982). One major approach is antgdrgame, in which individuals
repeatedly play the same game with same partnere($r1971, Axelrod 1984). Each
repetition is called round, in which individualsncahange their action based on the
information at the past rounds. Iteration of th&cdete game has been well investigated,
e.g, iterated prisoner’s dilemma game (Axelrod 1984)iterated snowdrift game
(Posch et al. 1999). These studies suggestedrthheidiscrete game, evolution of the

reaction based on the past round promotes estatdigh of more cooperative
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interaction than evolution without reaction.

On the other hand, in continuous game, few stuthesretically investigated
evolution of reaction by using two types of applueeg One is a continuous iterated
prisoner's dilemma game (CIPD) proposed by Wahl Eodak (1999a, b). In this
model, each individual decide its own cooperatievel as a function of its partner's
cooperation level at previous round. By using thizdel, they showed that in CIPD, a
cyclic evolutionary fluctuation of cooperation lévegenerally occurs. Therefore the
cooperative interaction cannot be maintained stablyer the existence of the reaction
to cooperation level of partner (Wahl and Nowak 989b). On the other hand, by
modifying this model, some subsequent studies tegodifferent conclusions.
Killingback and Doebeli (2002) showed that whenivigals react to the amount of
obtained reward at the previous round rather tha&np@artner’'s cooperation level, the
high level of cooperation can evolve and remaithepopulation.

Another important approach for the evolution ofatéan in continuous game is a
negotiation game (McNamara, 1999). This approackurass that individuals
reciprocally observe the actions of their partrig®ore they carry out the cooperation.
It should be remarked that individuals obtain papdthe game only once at the end of
interaction in the negotiation game, but in eachnb in CIPD. Because of this
difference, the analysis of evolutionary dynamgsadlatively easier in the negotiation
game than in CIPD. It should be noted that if tkenber of rounds of CIPD is large
enough to neglect effects of earlier rounds befoteraction reach to stable state, it
approximately identical to the negotiation game dfenand Day 2007). Under the
negotiation game, Taylor and Day (2004) have shdwat the reaction to action of

partners promotes the evolution of higher coopenatevel depending on the initial
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state.

Despite of those attempts of simplifications, batbntinuous iteration and
negotiation games generally result in a difficufor analysis. In any cases, many
(substantially infinite number of) forms of reactioorms can be evolutionarily stable
simultaneously. According to this property, it iffidult to reveal detailed properties of
evolution of reaction in continuous cooperation ga(VcNamara, 1999, Wahl and
Nowak 1999ab, Taylor and Day 2004). Some previdudiess tried to overcome this
difficulty. For example, Taylor and Day (2004) irstigated the evolutionary dynamics
of reaction using individual based simulation, ahdwed that the evolutionary realized
reaction represented some variation within the fadmn. Andre and Day (2007)
focused on a small population, in which a frequeatinteraction between mutants is
not negligible. In such a case, the optimal styatam be a “perfect mirroring” that is an
strategy imitating a cooperation level of the parthese studies revealed evolution of
reaction under restricted conditions.

In this chapter, | try to reveal evolutionary preseof cooperation with reaction,
focusing on the continuous negotiation game. Thg fector of my study is a
behavioural error. | found that in the presencerodrs, a finite (not infinite) number of
reaction norms can be evolutionarily stable, byclltproperties of the system become
more transparent. The assumption of error may bfcismtly realistic because a
realized behaviour of individual could be alterednt its original decision by various
factors, including noise in its expression procgsse

In the present study, | assume that the reactiom man be represented by a linear
function of cooperation level of the partner. Byingsadaptive dynamics theory, |

analysed the evolutionary dynamics of such linesaction norm and investigated
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factors that influence the evolution of reactiomman the negotiation game. According
to the analysis, | found that the curvature of hiémenction is an important factor for
the evolution of reaction. When the shape of bémgfiction is convex (or concave), the
slope of the evolved reaction function becomestpesior negative). Moreover, the
realized cooperation level in the negotiation garae be either higher or lower than a
game without negotiation depending on the curvattites indicated that negotiation

between players does not always promote cooperatiolutionarily.

3.2. Model
3.2.1. Basic Framework

In order to investigate evolution of decision makin response to attitudes of other
players, | extend a previous two-player negotiatgame (McNamara 1999). It is
assumed that two individuals are randomly chosemfan infinite size of population
and cooperatively interact. The process of cooferatonsists of two stages, a
negotiation stage and an action stage. In the ragot stage, two players reciprocally
observe an attitude of cooperation level of itsrmgar and change its own cooperation
level, a process of which is repeated until theachean agreement. It should be noted
that a cooperative action is not carried out irs ttage, but is held in the subsequent
action stage based on the agreement, resultinge seturnsi.e., payoff.

Here, the negotiation stage is described in morwilddt is assumed that
individuals linearly response to the observed coaten level of the partner, by which
the response strategy can be represented by a fumeation with two valuesi.e. the
slope and the interception. Hereafter, | call timear function as “reaction line” that are
referred a set of the slofeeand the interception as p, c). The range of these trait

values are assumed as -b < 1 and (X c, respectively. It should be noticed that bbth
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andc are individual strategies that eventually detesmam individual investment for
cooperation.

Consider two individuals, X and Y, whose reactime$ are represented b, (Cx)
and @y, c,), respectively. Two individuals observe the atiéwf cooperation level each
other and change their own attitude. The attitudmoperation levels of X and Y at the
i-th negotiation step are denotedXgndy;, respectively. After a single negotiation step,
their attitude of cooperation level changecta andy;.1 by following their own reaction

functions as

X =RY; +C +E,, (3.1a)

Y =X +C, +e (3.1b)
wheree, ande, are behavioural errors of X and Y that follow amal distribution with
a mean zero and a variange Importantly, the error is assumed a property fhat
constant over negotiation process over the negwiiattage of each match. After
sufficient number of negotiation, the attitude obperation level of X and Y reach to an

agreement (x, y). The agreement is an intersecdidwo reaction lines Eqgs.(3.1a) and

(3.1b), which is a solution of simultaneous equatio
X=by+c, +¢,, (3.2a)
y=hx+c, +e,. (3.2b)

By solving this, we can obtain the cooperation leat the agreement point as

1
X = C,*+C, +& +be
1-bb, lbe, +e,+&,+bs,| (3.3a)
1
y= bp, [bycX +C, +&, +bygx]_ (3.3b)
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When the population is monomorphic and all indiaduhave an identical reaction
function {.e., (by, ¢ = (by, ¢,) = (b, ¢)), the mean cooperation leveld§1-b) for anyone.

It should be noticed that the cooperation levetsatentially be negative depending on
the values of behavioural errare(, ¢x andey), although the mean cooperation level
becomes always zero or positive.

After the negotiation stage, players move to theoacstage that determines a
payoff of the game. Following the agreement, thexest the agreed level of investment
for cooperation in this stage, and eventually nezeesome payoff. When two players
invest x and y, respectively, the payoff of indivad X is formulated as

WX, y) =f(x +y) -9(x), (3.4)
wheref andg are functions that determine benefit and costHerplayer, respectively.
In the present study, | assume that bb#ind g are quadratic functions, which are

represented as

f(x+y) = p[x—;yj +a- pf)[x—;yj, (3.50)

0(x) =4p,x +@-p,)x] . (3.5b)
In those equations,determines the magnitude of cost relative to #meeht. Parameters
pr andpg control the curvatures of benefit and cost fundiaespectively. When this is
negative (or positive), the function becomes coecgwr convex) shape (Figure 3.1).
Note that the functions with negatiy® or py have a part where more investment
reduces the benefit or cost of cooperation (se@r€i@.1), which is not a realistic
situation. However, in the result of the numeriaadlysis, the mean cooperation in the
population never reach to such unrealistic parthenevolutionary process except for

cases that the cooperation level in the populatieerge to infinitely large level (see
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result section in detail).

Accordingly, two individuals obtain the payoff ofsangle interaction represented in
Egs. (3.4). | consider that an individual interacigitiply with many individuals that are
randomly chosen from the population. Thus, it sidu remarked that an individual

fitness should be considered as an average payatffdltiple interactions.

3.2.2. Evolutionary dynamics of cooperation with negodati

| analysed the evolutionary dynamics of reactiare lusing adaptive dynamics
theory (Dieckmann and Law 1996, Geriz al. 1998, Doebeliet al. 2004). This
approach focuses on an invasion process of rarannudirain into a population
comprising resident strain. In addition, it is alssumed that a focal trait is coded by
quantitative gene, by which it evolves graduallydetail of this approach was described
in the model section in chapter 2.

In order to apply the adaptive dynamics theoryhaee to formulate a fitness of a
rare mutant in the resident population. Considerirsasion of a rare mutant with
reaction line ', c') into a monomorphic resident population with reactine (, c). By
considering an average payoff for multiple matctibs, fitness of the mutant can be

formulated by

L, bc+c bc'+c
H(b,c Ib’C):W(l—bb’ ’1—bb’j
9 (3.6)

v (b [ar0)? + @] -dsp [ + b2

41-to'f

(see Appendix 3.A). It is remarkable that the séctarm on the right-hand side in

Eq.(3.6) involves a variance of behavioural ersrWithout the errori(e. ¢* = 0), this

term disappears.
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We assume that both a slopeand an intercept of reaction line are quantitative
genetic traits. If the reaction line of a rare nmitép', c') is sufficiently close to that of

resident individualsly, c), the evolutionary rate df andc can be represented as

db _ oH (0, ¢’ | b,c)

o AT e &78)
c=c

dc oH (b',c' | b,c)

9 _ 3 (b, B.C DO} 3.7b

R K (3.7b)

wherepy(b, © andp.(b, ¢ are a positive coefficient determining the ratewwlutionary
change ofb andc, respectively (Dieckmann and Law 1996). Those faoehts are
generally functions of resident stratelgyandc, although we can ignore those effects
because we focus atH/ob' andoH/oc' of EQs.(3.7a,b) in the analysis. The evolution
stops wheroH/ob' andoH/oc' of Egs.(3.7a,b) become zero at a certain sét arfidc,
which are represented by andc’, respectively. The seb( ¢) is called “evolutionarily
singular coalition” (Geritzt al. 1998). The evolutionary singular reaction line ¢en
represented by using'( c) asx = by + ¢ + &. Consequently, it is evolutionarily
realized that an agreement of the negotiation betwe/o players are intersection of
two lines,x=b y+c +e andy=b x+c +¢,. According to the analysis in Appendix 3.,

andc’ simultaneously satisfy
a{% A+b’)? —4654 =0  and (3.8a)

oo L-b")L- p,)+20@-b)st- p,)
2(1+b")p; —4sp,

. (3.8b)

Wheng? = 0, Eq. (3.8b) is an only condition because BiBd) becomes trivial. In this
case, any values within a certain range can be singulartgwia with corresponding

reaction lines. This implies that infinite numbexk combination ofb and c can be
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singular sets. This is the reason for the appearaficnfinite numbers of singular
solutions in previous studies (McNamara et al. 199§lor and Day 2004), resulting in
difficulties of analysis. On the other hand, whére 0, Eq. (3.8a) restricts the value of
b at the singular solution, by which the numberatiBon becomes finite. Interestingly,
the magnitude of? does not influence evolutionary singular soluiiself because? is
no more than a multiplier in Eq. (3.8).

Next, | examine two types of stabilities of the keN@nary singular strategie.,
convergence stability (CS) and evolutionary stab{ES) (see model section in Chapter

2 in more detail). According to Appendix 3.A, thendition for CS is

%[pf 1+ b*)—4spg][3pf A+b’)? —8spg]>0 and (3.92a)

1-b |( ¢ Y. A®b.C) . o e
1+b” [(1—5) ¥ ﬁb(b*,c*)}[pf @+b) 4Spg]+ 1-b2)? [3pf d+b) SSpg]

c c
<=2 +(1-
(1_ b* j( pf 1_ b* ( pf )j‘

(3.9b)

and that for ES is
p; (L+b') -4sp, <O. (3.10)

Those conditions indicate that the magnitude ofttbkavioural erros? influence the
condition of CS (EQ.(3.9)), but not that of ES (BdL0). The singular solution is more
likely to be CS with an increasing behavioural efutnen it satisfies ES condition, but
less likely when it is not ES (Appendix 3.A).

Based on the analytical approach, parameter depeadef evolutionary process
can be analysed to some degree (Appendix 3.A). Memvesuch an analysis is

restrictive and difficult to represent exact consatpes of evolution. For example,
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when the system has multiple solutions that satlsfyh ES and CS conditions,
evolutionary dynamics ultimately reach either defweg on the initial condition. In

addition to this, it cannot provide sufficient infioation about oscillatory solution and
divergence to infinity of the trait value. Thereforl also analysed the evolutionary
dynamics by using numerical method. In the numeérggroach, | assumed that all
resident individuals in a population initially hawereaction line (0, 0). | calculated
changes ob andc at each moment by using Eqgs. ( (3.7a,b), and puestolutionary

trajectory of those traits in order to detect theoletionary consequence. It is
remarkable that the results well correspond to @hof supplemental analysis using

analytical method (Appendix 3.B).

3.2.3. Evolutionary dynamics of cooperation without negbdn

In order to examine effects of negotiation on thelation of cooperation, | also
clarify evolutionary process of cooperation withawggotiation, in which individuals
cannot behaviourally respond to actions of partn@tse evolution of cooperation
without negotiation can be represented with a ncatibn of the above formulations by
fixing a slope of the reaction lind)(at zero, in which only intercept of the lin® €an
evolves as a cooperation level itself. Using E¢6)(3he fitness of a mutant with (€)

in a resident population with (0, ¢) can be writéen

H(o¢ |O,C)=W(C',C)+%2(2pf ~4sp) (3.11)

Wheng? = 0, this model becomes same with the continunow/drift game (Doebelt

al. 2004). The evolutionary rate oftan be written as

oH (0. |0,0)

dc
—=6£.(0c
dt £ 00) oc

(3.12)

c=c
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According to the analysis in Appendix 3.C, an etiohary singular solution af is

. —(@1- + 2s(1-
¢ = @-p;) + 2s( pg)’ (3.13)
2p; —4sp,
and its CS and ES conditions are
P <2sp, (3.14)
pr <4sR, (3.15)

respectively. Since Egs.(3.13), (3.14) and (3.15hdt includes?, the behavioural error
never influences the evolution of cooperation ia #bsence of the negotiation. | can
also analytically investigate the final state obletion from an initial state = 0 (see

Appendix 3.C).

3.3. Results

Using both analytical and numerical approachesganened the finally realized
reaction line that evolves from an initial stateha(, c) = (0, 0) in the cooperation with
negotiation Figure 3.2 is the density plots of the mean codpmerdevel with changing
the curvatures of benefit and cost functiopsandpg). The results with and without
negotiation are represented Fig.3.2a and 3.2becéisply. In black regions in the
panels, the cooperation level eventually evolvesatd an infinitely large level. On the
other hand, the grey and white colour shows th@nsgwhere the cooperation level
evolutionally reaches to a stable state with pesivalue and zero, respectively. The
benefit and cost functions have a decreasing pagnwy and py are negative, but
numerically investigation showed that the reacomty within the part where both of
them are increasing shape in white and grey regions

Figure 3.2 indicates that the evolutionary brangtoh cooperation level occurs in
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the absence of the negotiation (dotted region gufé 3.2b), but not occurs in the
presence of the negotiation. This tendency cardwecanfirmed by analytical approach.
According to Appendix 3.A, in the presence of negain, evolutionary branching is
possible only when more investment in cooperatipntd partner decrease the benefit
of the cooperation, which is unrealistic situatiéigure 3.2 also shows that the slope
and intercept of the reaction line can continuotlslgtuates without reaching a steady
state in the presence of negotiation, which resultgvolutionary oscillation of the
cooperation level (in the hatched region in FigBiia) as illustrated in Figure 3.3. Such
evolutionary oscillation of the cooperation leveéver occurs in the absence of
negotiation.

Next, | compared the magnitude of mean cooperagéioals in the population with
and without negotiation. Figure 3.4 shows diffeeshaf mean level of achieved
cooperation between evolution with and without tiegotiation. The white and black
regions indicate parameter combinations that tlyotmegtion promote and suppress the
cooperation level, respectively, whereas the nagoti does not influence the
cooperation level in the grey region. According ttos figure, with 0 <p:, the
negotiation indicates either promotional or neugtiéct on evolution of cooperation
level. On the other hand, wifh < 0 andpr < pg, the negotiation indicates suppressive
effect. This pattern is independent of a relativeight of cost to benefis and a
magnitude of erros®.

The curvature of the benefit functignalso influences a sign of slope of reaction
line that are evolutionary realized. Figure 3.5vesithat when the reaction line reaches
to a stable stata.€. neither fluctuate ofly, c) nor diverge to infinity), the slope is

positive (white region in Figure 3.2a) with a corvieenefit function | > 0), but
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negative (grey region in Figure 3.2a) with a comcé&enefit function g < 0). This
pattern of the slope is also independent of aivelaveight of cost to benefg and a
magnitude of erros®.

Although the analytical investigation shows tha thagnitude of behavioural error
o® does not influence the singular solution itsélg tondition of CS depends on #fe
Therefore, the magnitude of error influence on eékelutionary realized state from a
same initial condition. Indeed, when the magnitadeerror is large, the parameter
region with such oscillations tends to be narro(gure 3.6), which is also supported
by an analytical approach (Appendix 3.A). The largeors also suppress evolution of
infinitely large cooperation level ipg< pr < O through facilitating a conversion of

cooperation level toward zero.

3.4. Discussion

Decision processes of actions of players can sogmfly influence evolution of
cooperation (McNamara 2003). In the discrete caatpmr games, evolution of reaction
was studied by considering a competition betweeantnee and non-reactive strategies,
which suggested that evolution of reactions inadas realized cooperation (Axelrod
1984, Posclet al. 1999, well reviewed by Doebeli and Hauert 2005).tke other hand,
in the continuous game, reaction modes were coregidéo evolve gradually. Its
evolutionary process has been studied by usingimens iterated game and
negotiation game, although those attempts havedfdid reveal general evolutionary
properties due to emergences of infinite numbessrafular solutions (McNamara 1999,
Taylor and Day 2004). In the present study, | siddeffects of behavioural error on
evolutionary process of reaction, and successtlilywed that it contributes to resolve

the difficulty of analysis, which enable us to istigate general evolutionary properties.
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The error is a key factor to understand the ewvohatiy process of reaction in
cooperative interaction.

Previous studies focusing on the discrete coomeragiames suggested that the
reaction promotes the cooperation (Axelrod 1984cRet al. 1999, well reviewed by
Doebeli and Hauert 2005). In contrast, the preaeatysis indicates that reaction does
not always promote evolution of cooperation in tdoatinuous cooperation gamee.,
promotional effect is possible only when the fuoctl shape of benefit is convex.
Because the discrete and continuous games congifferent situations of the
cooperation, it seems difficult to simply compahe results of them. One remarkable
difference between them is the considering evahatip process of the reaction
strategies. The discrete games consider a winrnagegy of the competition among
multiple reaction strategies, in which completelijffedent strategies are directory
matched each other. On the other hand, the contthgames including the present
study consider the reachable stable strategy imebelt of the evolution with gradual
change of the strategy, in which the strategy ofading mutants is only slightly
different from the residents’ ones. Such differerudethe considering evolutionary
situation might cause the inconsistent results atmiinfluence of the reaction on the
cooperation.

In continuous negotiation game, Andre and Day (20@cused on effect of
population size on evolution of reaction functiand showed that the perfect mirroring
(i.e. positive reaction) is generally an evolutiona@tée strategy in a small population,
regardless of the functional form of the benefhisTis inconsistent to the result in the
present study that the reaction can be either ipesiir negative function of the

opponent's attitude depending on the curvature hef benefit function. This
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inconsistency is caused from the difference ofptfaperty of selective force caused by
each factor. In a small population, a frequencyntéraction between mutants is not
negligible, where the fitness of an individual méluenced by the payoff of interaction
with same reaction strategy to its own one. In scabe, more cooperative reaction
against itself is always selected, which resultthe evolution of positive reaction. On
the other hand, the behavioural error cause thati@ar of the total investment in
cooperation at the agreed point, which can eitinerease or decrease the payoff
depending on the curvature of the benefit functidacause the positive and negative
reaction can increase and decrease the variatithredbtal investment, respectively, the
either positive or negative reaction function carpbtentially realized depending on the
curvature of benefit function in the present study.

In the result of the numerical approach, the cyekolutionary oscillation of the
reaction strategy can occur (Figure 3.3), but d@suorence is suppressed under the large
behavioural error (Figure 3.6). This pattern istedl to a fact that the behavioural error
makes the number of singular solutions finite. Untihe absence of the behavioural
error, the infinite number of reaction strategie®volutionary stable in the negotiation
game, while only some points of them becomes eiwlaty stable under the presence
of error. Therefore, when the magnitude of errdaige, the selective force caused by
behavioural error drive the reaction strategy opapulation to such stable states.
However, when the magnitude of error is small, siteation becomes intermediate
between that under the absence of behavioural andrlarge behavioural errare.,
only some finite number of strategies are evol@rgrstable but the selective force is
too small to reach such stable state, which resultse cyclic oscillation of the reaction

strategy.
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The evolutionary fluctuation of the cooperationdkis also reported by Wahl and
Nowak (1999ab), but the mechanism of the evolutpriluctuation is different from
the present study. Wahl and Nowak (1999ab) assumexsions of a mutant whose
reaction strategy is randomly selected rather tihe@nslightly different one from the
resident population. Hence, a cooperative populatan be also exposed by the
invasion of fully cheating mutant, which causesftoetuation of the cooperation level.

According to the present study, the reaction fumcttan be either increasing or
decreasing function depending on a curvature oétiefunction. The reaction can be
an increasing function when the benefit functiors le@nvex shape, under which
evolutionarily realized cooperative investment &rnd be zero or diverge to infinity
(see Figure 3.5). Importantly, in such a case, amnot detect an individual reaction
substantially because the investment is constaettg or infinity. On the other hand,
the reaction can be a decreasing function wherbé&mefit function is concave, under
which an intermediate level of cooperative invesitr(see Figure 3.5). In this case, the
individual reaction is detectable. Accordinglycén be predicted that if a negotiation is
observed in an organism, the reaction function ddnd decreasing function. Indeed, a
lot of empirical examples of negotiation reported nhegative reaction with decreasing
function (Wright and Cuthill 1990, Markmaat al. 1995, Beuchamp 2009).

Although the convex benefit function is unlikelyresult in a meaningful reaction,
there is an exception. When the benefit functionasvex weakly <<1 in Fig.3.5),
the benefit function can be an increasing functigich accompanied by an increasing
reaction function. This trend might correspond wettoperation of microbes. In this
system, the enzyme production can accelerate eiftgi of activity of enzyme through

biofilm formation (Hense et al. 2007), by which thenefit function could be convex,
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resulting in an increasing reaction function. Irglean interactions of microbes, an
individual enzyme production tends to increase waithincreasing amount total enzyme
(Ruenesst al. 2003, Henseet al. 2007, Czechowskat al. 2014), indicating positive
interaction.

It is notable that a negotiation process can reprtes specific pattern depending on
the reaction function. In the positive responsénai increasing function, both players
initially represent a low level of investment, atiten they repeatedly increase their
investment toward the agreement point. On the otfagrd, in the negative response
with a decreasing function, one player initiallpresents a high level of investment,
and other player subsequently represents a low tfviaevestment. In the negotiation,
the former gradually reduces its own investmentengbs the latter increases it. Since
the mode of response depends on curvature of bemnefition, we may be able to
predict the property of benefit function if the oé&gtion process can be observed in
cooperation of organism.

The present analysis shows that the reaction girasegenerally difficult to diverge,
following evolutionary branching in the continuowmsgotiation game. This implies that
genetic polymorphism is unlikely to occur in cocgtere traits with reaction. In other
words, it can be predicted that organisms with pasphism in the cooperation level
tends to lack an ability of reactively determiniitg cooperative interaction. This
prediction might be supported by a fact that theneje polymorphism in the
cooperation level is mainly observed in plants amcrobes (Agrawaét al. 2002, Hare
and Elle 2002, Greig and Travisano 2004).

It should be remarked that cooperation with negjotiamight be possible in plants.

It has been know that anti-herbivore defences amfsl can involve a structure of
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cooperative interaction as an associational defelhdeas been recently revealed that
plant individual can detect chemical signals fromighbouring individual (Karbaat al.
2014, Semchenket al. 2014, Babikovaet al. 2013). Accordingly, the chemical
communication may result in negotiation game withive plant population for
investments to production of defensive traits. Weuwd investigate communication
among plant individuals, considering a possibilify existence of negotiation in

cooperation.
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Figure 3.1
Influence of the parametgx andp, on the curvature of the benefit and cost function,
respectively. Whem: andpy is positive (negative), benefit and cost functimcomes convex

(concave) shape, respectively
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Figure 3.2

The density plot of the mean cooperation levehmdooperation with negotiation (panel a)
and without negotiation (panel b). The horizontadl aertical axes show the curvature of the
benefit and cost functions.€., pr andpy). The colour depth shows the evolutionary realized
cooperation level. In the black, cooperation ledalerges to infinity in the result of the
negotiation. In the dotted region, evolutionaryrtmtaing occurs and the cooperation level in the
population becomes dimorphic. In the hatched regibe cooperation levels evolutionary

fluctuate. The parameter values are10%* ¢ = 0.1.
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An example of the oscillation of the cooperationele On the evolution, trait paibyc)
show limit-cycle trajectory (panel a), in the rasof which the mean cooperation level in the
population fluctuated in the evolutionary time scgdanel b). The parameter valuespre 0.4,

pg=0.52,s=10% 6 =0.5.
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Figure 3.4

The magnitude correlation of the mean cooperat@rell in the cooperation with and
without negotiation. The black and white region®wghthe mean cooperation level in the
cooperation with negotiation is higher and lowearttihat without negotiation, respectively. In

the grey region, the mean cooperation level becamesl between them. The meaning of the

dotted and hatched region and the parameter vaheesame with Figure 3.2.
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Figure 3.5

The magnitude of the slope of the reaction linee Tibrizontal and vertical axes show the
curvature of the benefit and cost functions.(pr andpg). The slope of the reaction becomes
negative in the grey region, while that becomestipesn the white region. The meaning of the

black and hatched region and the parameter vaheesaane with Figure 3.2.
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Figure 3.6
The mean cooperation level in the cooperation witgotiation under large behavioural
error. The meaning of axes and colours are sanfeRigure 3.2. The parameter values sare

10°* ¢ =1.0.
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4 General Discussion

In the present thesis, | investigated two topicstvio classes of evolution of
intraspecific cooperation. The first class is eviolu of cooperation level itself, a study
topic of which is a condition of emergence of potyphism in cooperation level. In
this topic, | showed that an aggregation processcarftribution of interacting
individuals in a production of reward is an impottafactor in emergence of
polymorphism in the cooperation level. The secolas<is evolution of reaction to
interacting partner, a study topic of which is hbghavioural error affects the outcome
of negotiation game. In this topic, | analyticabhowed that the existence of the
behavioural error make the number of the singutdut®n finite, which enable us to
investigate the evolutionary dynamics of the rearcgasily. In the result, | showed that
the curvature of the functional shape of beneftedeine the slope of the reaction.
These studies provide information that are lackedrievious studies, and develop
understanding about the cooperative interactions.

The focused factors in the present thesis canfeetee in various organisms. For
example, it is important that associational defeincplant species can be regarded as
one form of cooperative interaction. In such systepolymorphism of defensive trait
has been reported in some species (Agrawvall. 2002, Lgeet al. 2007, Wiseet al.
2009, Archetti and Scheuring 2012), and negotiatianvestment for defence might be
possible between individuals via exchanges of cbahsignals (Babikovat al. 2013,
Karbanet al. 2014, Semchenket al. 2014). This suggests that interaction among plant
individuals can be understood deeply form a viewpof cooperation games. Similarly,
in microorganisms, diffusion of chemical materiadfien results in the share of
beneficial effects, which can be also regard agpewion. Therefore, it will be an

useful way to consider empirical systems reporpotymorphism of producing ability
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of chemicals (Greig and Travisano 2004) or thetreaal behaviour to the density of
chemicals in microorganisms based on the resulpsesfent thesis.

In this thesis, | focused on a framework of contimsi snowdrift game, in which
individual effort cooperation positively influenceiss own success. Its analysis
successfully extended understanding of evolutionomiperation on the framework. On
the other hand, there is also another type of freone of continuous game,e.,
continuous prisoner dilemma game, in which an ildial effort is assumed not to
affect its own success. A difference between taoneworks may seem trivial, although
cooperation is very difficult to evolve in the miger dilemma. On such a framework,
evolutionary processes have been understood omslyiatedly, where many issues
remain to be solved for future studies.

In theoretical studies of the interaction, it isolam that various factors can
influence of its evolution. One such a factor ikia selection that is effective in
interactions among relatives, the process of whisl relates to a spatial structure of
population. For example, plants are immobile asdyénetic diffusion relies on pollen
and seed dispersals only, their genetic distriloutsolikely to be a cluster structure in
some case (Loveless and Hamrick 1984, Kudoh andgh®m 1997, Chung and
Epperson 1999). In this case, individuals tenchteract with their genetic relative, by
which kin selection can work effectively to prometeolution of cooperative interaction.
This could be an important mechanism for evolutdbrassociational defence in plant
species. In this thesis, the presented analys@eéginsuch factors, although it should be
combined with them in the future to achieve furthaderstanding of interaction in
plants.

Because a cooperation reward is often influencedhbyecological properties of
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other species, interspecific interaction is alsoiraportant factor for considering the
evolution of cooperation. For example, since defensraits of plants are generally
their anti-herbivore strategies, we should takehBsivore responses into account to
understand whole interactions,g. change of population density or acquisition of
resistance to the defence. Similarly, some vertebraften form a group for cooperative
group vigilance to detect predators, in which etioluof group vigilance is influenced
by behavioural response or population dynamics redators. Those responses of
interacting species could dynamically alter a coafpee reward, which may modify the
evolutionary process of cooperation. This is also important point of view to
understand species interaction in ecological conityywvrhich can be a subject of the
future study.

In the present thesis, | revealed the importancehef aggregation process of
contributions for providing rewards and the nedaiia process in the cooperation.
However, these aspects have been paid less aftenitio most previous empirical
researches and few studies reported empiricalnmdton about them. In order to test
and apply my prediction to specific systems, margieical works focusing on these
aspects are needed. Considering extended modalsidgcon specific systems is
effective approach for connecting information fropresent study to empirical
researches (Westt al. 2007). Such integration between the theoretical emgirical

works will enable us to understand more deeply atfmievolution of cooperation.
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Appendix
Appendix 2.A: Analysis of evolutionary dynamicsfiiee types of aggregation processes

2.A1. Inequality on the group members’ contribusion

In the present study, | consider five types of aggtion processes from three
aspectsi.e. (i) additive or multiplicative aggregation, (ii) ggegation of investments or
effects, and (iii) promotion of advantage or sugpien of disadvantage (Figure 2.1).
Moreover, | also examine the influence of the iradfy on the group members’
contributions. In the expressions above, | assuna &all group members equally
contribute to the reward of a focal individual. Hower, this assumption may be violated
in reality. Typically, it is possible that an indidwal investment either more or less
influences its own reward than those from other tmens1 We can include such a bias

by weighting the contribution from the other indiuals by a parameter Accordingly,

the payoff of i-th individual can be represented by(z +2az) in additive
j#i

aggregation of investmentsf(z)+ X af(z;) in additive aggregataf effects,
j#i

f(a];[zja) in multiplicative investments andf(z)l'lf(zj)a in multiplicagiv
J# J#

effects.
In the following analysis, | use the model consiggrsuch unequal contribution. |
will show that those modifications do not alter tgeneral results of my analysis

presented in the main text.
2.A2. Additive aggregation of investments

In additive aggregation of investments (Al) typgee tnean payoff of a mutant with

trait valuey in the resident monomorphic population with tra#lue x can be
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represented by
W (y|x) = fla(N-Dx+y)-g(y) (2.A1)
wherea is the weight of the contribution by other membé&ihen we setr = 1, Eq.

(2.A1) becomes the same expression with Eq. (2A%)ngular solution is obtained by

solving

f'([a(N—1)+1] x*):g'(x*). (2.A2)
and the condition for branching is

[aN-1+]t"(aN-D+1x )< g"(x) < FaN-D +1x)  (2.A3)
When we setr = 1, Eq. (2.A3) becomes the same expression with(Ed2). Since

a(N-1)+1>1, this condition can be satisfied only i"([a(N —l)+1] x*)<0 and

g"(x)<0, which is a necessary condition for branchimgimonomorphic population.
Therefore, evolutionary branching can occur onlyewhoth effectand cost functions
have a decelerating shape at the singular solution.

We can examine feasibilities and stabilities ofgsiar coalitions of dimorphism
and polymorphism with more than two morphs as shawthe main text. Although
these conditions are hardly solved explicitly, wanmot reject the possibility of the
existence of solutions that satisfying the conditior branching or the condition of ES
and CS. Therefore, depending on functions and peteas) polymorphism with more
than two morphs can potentially appear from monguiiorpopulation as a result of the
multiple branching. In fact, | found that polymorgim with more than two morphs can
occur in Al by using a computer simulation (Figu?e2). Consequently, in Al,
evolutionary branching is possible in monomorphipylation. Moreover, we cannot

reject the possibility of both evolutionary andtsirsed polymorphism.
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2.A3. Multiplicative aggregation of investments
In multiplicative aggregation of investments (Mif)e expected payoff of a mutant

with trait valuey in the resident population with trait valués
W(y|x)= f (x*"Dy)-g(y), (2.A4)

wherex andy are always positive.

A singular solution of which is derived by solving
xraN-D) ¢ r(X*a(N—1)+1): g'(x*) _ (2.A5)
The condition for branching is

a(N _1)X*a(N—1)—1f n(X*a(N—l)+l) + [a(N = 1]X*2a(N—l) f "(X*a(N—l)+l)
< g"(x*) . (2A6)
< xaN-DL g (X*a(N—1)+l)

Since p(N-1)+1] > 1, a solution satisfying this conditiontgntially exists, only if
fn(x*a(N—l)+1) <0 andg"(x*)<0, (2A7)

which is a necessary condition for the occurrentebranching in monomorphic
population. This shows that evolutionary branchiag occur only whehoth effectand
cost functions have a decelerating shape at tigeilsinsolution.

Similarly to Al, we can examine feasibilities artdlslities of singular coalitions of
dimorphism and polymorphism with more than two nhstpAs a result, we cannot
reject the possibility of the existence of solusiothat satisfying the condition for
branching or the condition of ES and CS. Therefare conclude that we cannot reject

the possibilities of both evolutionary and sustdipelymorphism in MI.
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2.A4. Additive aggregation of effects
When the formulation of reward is additive aggregaof effects (AE), the mutant
payoff is
W [¥) =a(N-1)f(x) +f(y) -9 , (2.A8)
When we sett = 1, Eq. (2.A8) becomes the same expression witHZE§). A singular
solution of which is the solution of
f(X)=g(x). (2.A9)
The condition of branching for the solution is
f'(x) <g"(x) <f'(X) . (2.A10)
When we set = 1, EQ. (2.A10) becomes the same expression vgjtl{Z10). Since left
and right inequalities are never satisfied simdtarsly, an evolutionary branching
never occurs.
Although the analysis rejects the possibility oblenionary polymorphism, | check
the possibility of sustained polymorphism. The mutgaayoff in the population witim

morphs is
N-1
wlyos, b =2z [N S )]+ )=o) - @A)

According to Egs. (2.4) and (2.A11), coexistencenofmorphs is possible if the
simultaneous equations

f(x') -g(x) =f(x) -9(¢) ¥V i,j=1.m, (2.A122)

fx)=g() V i=1.m, (2.A12b)
have a solution. The solution can be both CS and/Eh

'x)<g'(x’) V i=1.m, (2.A13)

is satisfied. Because Egs. (2.Aa) and (2.Ab) yreld andm constraints respectively,
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there are &1 constraints in total. The number of unknown ales ism (i.e., trait
value xi=1._m). It should be noticed that Egs. (2.A) is indepamtdof the values of

singular fractionp’_, . Accordingly, withm = 1, the number of variables is equal to

that of sub-equations.¢. 2m-1 = m). However, withm > 1, the number of variables is
fewer than that of sub-equatioma € 2m-1), so all equations are unlikely to be satisfied
simultaneously. Therefore, two or more morphs camtuexist; the population is
generally monomorphic.

Consequently, the possibilities of both evolutignand sustained polymorphisms

are rejected in the case of AE.

2.A5. Multiplicative aggregation of effects withgmotion of advantage
In the multiplicative aggregation of effects wittomotion of advantage (pME), the
mean payoff of a mutant is
WY 1%) = £.00°" () - 96) - (2.A14)
A singular solution is the solution of
f.(X )M () = g'(X) (2.A15)
and the condition for branching is

£ () 2NV () +a(N-1)f () XN, ()P < g (X) < ()P (K)

(2.A16)
Since the second term of the left-hand side of @dqA16) is positive, there is no
solution satisfying this condition. Therefore, exainary branching never occurs.
Although the analysis rejects the possibility oblenionary polymorphism, | check
the possibility of sustained polymorphism. The meaayoff of a mutant in a

polymorphic population witlm morphs is
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Wy {(%, P} ) = T (y) - aly) (2.A174)

where T represents an average amount of effecta tiy¢he other group mates as

~ N-1) ™
f=2{[ ) jp”Dt(x)a”}, (2.A17b)

From Egs. (2.4) and (2.A17), the singular fractoris given by solving

9(x) - a(x))

=f O,j=1-mi#j. (2.A18)
f.(%) - f.(x))

The condition for coexistence withmorphs can be written as

9(x)-9(x)) _ g'(x)
f.0¢) = f.0¢)  f.(X)

Oi,j=1-mi#]j, (2.A19a)

and

ffr(x)<g"(xX) Oi=1--m. (A19b)
If we temporarily set aside the relationship EqA(Zb), but simply regardst as an
unknown constant. Then we can rewrite the condition Egs. (2.A18) &hA19a) as

a(x) - 9(x))

* l=C O,j=1-mi#]j, (2.A20a)
f () - f+(Xj)

9X) _c G j=1em,i# | (2.A20b)
%)

Eq. (2.A20a) yieldsn(m-1)/2 equations from the combinationiaindj. However, if Eq.
(2.A20a) with {, J) = (ki, ko) and ki, ks) are satisfied, Eq. (2.A20a) with |) = (ko, k)
automatically follows. Consequently, Eq.(2.A20akglgis only m1 constraints. Eq.
(2.A20b) yieldsm constraints, so in total there aren2 constraints. Because Eq.

(2.A20b) includes an unknown const&htather than the singular fractiop the

i=l.m?

number of unknown variables im (i.e., trait valuex=;.. ) plus one i(e., unknown
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constantC), that isn+1. Therefore, withm=2, the number of variables is equal to that
of sub-equationsi.e., m+1 = 2n-1), and a solution for two-morphs coexistence can
potentially exist. However, witim>2, the number of variables is fewer than that of
sub-equationsni+1 < 2n-1), so all equations are unlikely to be satisBedultaneously.
Therefore, three or more morphs do not coexistenegal. Consequently, in pME, the
possibility of evolutionary polymorphism is monombism, while that of sustained

polymorphism is dimorphism at maximum.

2.A6. Multiplicative aggregation of effects withggression of disadvantage
In the multiplicative aggregation of effects witlnppression of disadvantage (SME),
the payoff of mutant is
WY %) = -£.09*ME(y) - o) - (2.A21)
A singular solution is a solution of
- £ () = g'(X) (2.A22)
and the condition for branching is
-£.0O)PND £1(x) - a(N-D)FE()PN D ()2 < g () < - 1) 2NV £(x).
(2.A23)

The second term of the left-hand side of the inktyuia always positive, therefore
this condition can be satisfied whet(x ) > 0 andg"(x) < 0, or wherf"(x') < 0, which
can be satisfied wheaither effect or cost function has a decelerating shape at the
singular solution.

In a dimorphic population,

W (y %, %, p)=-ff_(y)- g(y) (2.A24a)

where T represents the average amount of effectmdiy the other group mates as
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~ N-1
f =Z{( 0 jp”(l— PV (%)™ f_(xz)a(”‘l‘”’}, (2.A24b)

The singular fractiop” is given by solving

9(x)-9(x) __7

(2.A25)
f(x) = f.(x;)
and the condition for a dimorphic singular coatitis

fix)  f1(x) ’

Following Eq. (2.8), the condition for CS is thaal parts of all eigenvalues of

oot L = e R
Bi(%,%;) PV f20q) + ff2(x) -9 (Xl)} Bi(% %) — F1(x)
X 0X,
R I
:Bz(xllxz)ai* f—(xz) :82(X1'X2)|:* f-(xz) + ff—(xz) -9 (Xz):|
X 0X,
(2.A27)
are negative. Differentiatingf ~ with respeciioandx,’, we obtain
o _ 0 9g0)-00) | F00) (90D a)-90%) J_g (5 a0
06| 0% 106)= 1.00) f-(x;>—f-(x;>[f:<x;> f-(x;>—f-(x;>J (2.A282)
of|  _ 9 ge)-ge) - f6)  (g0g) | gd)-gt%) |,
Dl % 1.06)- 1.0) f_(x;>—f_(x;)(f.'(x;) f_(x;)—f-(x;)j (2,A28b)

respectively. Accordingly, non-diagonal elementsEof (2.A27) become 0, by which
the eigenvalues of the Jacobian matrix coincidé wie values of diagonal elements.

Therefore, the condition of CS can be rewritten as

g(XI)_g(X;) ney* ey
=100 ff(x)<d'(x), (2.A293a)
0)00). ) <),

. < 2.A29b
f00)-1.06) (2.A295)
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On the other hand, following Eq. (2.7), | find theatactly the same expression as Eq.
(2.A29) is the condition of ES. Since both stapitbnditions are identical, dimorphism
is never followed by a further branching, implyitigat polymorphism with more than
two morphs never evolves. Consequently, the codpardevel must be either
monomorphic or dimorphic with respect to evolutignbranching.

Although the analysis rejects the possibility oblenion of polymorphism with
more than two morphs, the possibility of sustaipetymorphism should be examined.

By similar calculations to pME case, the singutacfionp” is given by solving

a(x)—a(x;) _

fo -ty | TR mEL (2.A302)

where f represents an average amount of effecta tiy¢he other group mates as
~ N-1) m

f= "TTf.(x)* ¢, 2.A30b

Z{( . jp |‘1| (%) } ( )

The condition for coexistence withmorphs can be written as

9(x)-9(x)) _ g'(x)
fLx)-f.0G)  f1(x)

i, j=1-mi#j, (2.A31a)

and

- fr(x)<g'(x) Di=l--m. (2.A31D)
Similarly to the case of pME, a solution of thespiaions can exist fom = 2, but
generally not form > 2. Therefore, three or more morphs never coeatighe stable
state.

Hence, the possibilities of both evolutionary andtained polymorphism are

dimorphic at maximum, in sME.
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Appendix 2.B: Individual-based Simulations

In order to confirm the predictions of analyticalvéstigation, | conducted an
individual-based simulation with a continuous snaftdgame in a finite size-fixed
population comprising 40,000 individuals. Each wuidiial has a positive real value as
the cooperation level. The population is randomiyided into 20,000 two-individual
groups, within which two players carry out contineosnowdrift game once, gaining
payoffs based on Eq. (1) wiftx) = 2exp( -0.1f + 0.85)%*) andg(x) = exp( -0.1% +
0.95)%%), and then the groups are dissolved. After repgatiis process 32 times, all
individuals reproduce offspring asexually with fadities proportional to their own
total gain, and finally die. From the offspring hod0,000 individuals are randomly
chosen to form a next generation. In the reprodagcticooperation levels of the
offspring can vary from their parent by mutationhese the trait distribution of
offspring is assumed to follow a Gaussian distrdoutaround the parent level with a

standard deviation af = 0.0004.

Appendix 2.C: Possibility of the Emergence of Bahaal Polymorphism

In the cooperation based on the behavioural degisiodividuals can behave
differently for each game, which corresponds to igech strategy that uses a set of
behavioural tactics with a certain frequency disttion. Represent the mixed strategy
of each individual as ¥, p))}i=1.m, Wherex; andp; are phenotypic value and frequency
of tacticsi (p > 0, £p = 1), respectively. The fitness of an individualttwmixed
strategy {k', pi)}iz1.m in the population with a resident mixed strate@¥,{0))}i=1..m

can be formulated as

m

O B e 1O PO ) = D PW (T, P} o)+ (2.CD)

i=1
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whereW in the right hand side is the same expressiongagZ3). The mixed strategy
becomes stable and maintained when the strategsfiemtthe Nash equilibrium

condition,

WS B} e O PO} ) 2 WG PO 10X P} 1.) (2.C2)
for any feasible strategy X{, p‘)}i=1.m- Although we cannot solve this condition
explicitly, we can derive some necessary conditifmrs the Nash equilibrium by
considering some special cases. First, we consideixed strategy that is different in

frequencies of tactigs; # p;, but the same in the other properties. (m=m'andx’ =

x) for Ui = 1...m. By using the Bishop-Cannings theorem (Bishop @adnings 1978,
Maynard Smith 1982), &, pi)}i=1..m is @ Nash equilibrium only when
WO [ {(%, p}i=t..m) = WK [{( %, P)}is1..m) Vi k=1..m, (2.C3)
This is the same expression as the condition E4).(Rext, | consider a mixed strategy
with a slight shift in phenotypic value of itgh tacticsx = x; + ¢ while all the others
are the saman=m"andp’ =p; for Ui =1...m. If {(x, pi)}i=1..m is @ Nash equilibrium,
W, H{OX 0 PO} )2 WG 1O PO} 1) vi=l.m  (2.C4)
must be satisfied for aniy which corresponds with Eqg. (2.6). This is a neags
condition for the Nash equilibrium. As a resultcessary conditions for the existence of
the Nash equilibrium withm cooperation levels are equivalent to Eqgs. (2.4) @6).
Consequently, for the benefit and cost functionssatered in the present study, my
results on the sustained polymorphism can be appie the mixed strategy of
behavioural decision.
Accordingly, | proved that the sustained polymosphiis a necessary condition for
the behavioural polymorphism by examining the etiohary stability of the mixed

strategies with finite number of tactics. Howeveis also possible to consider a mixed
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strategy with infinite number of tactics, in whiehstrategy can be represented by a
continuous distribution of the probability with queration level. In such cases, the
analysis based on the measure dynamics (CressndaHathauer 2005) is needed for

investigating the evolutionary stability.
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Appendix 3.A: Analysis by using adaptive dynamics

3.Al. Fitness Functions

Let's denote the cooperation level of mutant wigaation line If', ¢’) asx, which
have a certain range of the distribution causetdhavioural error, Similarly, | denote
the cooperation level of residents with reactior lp, ¢) by y. According to Egs. (3.3),

the mean value of andy are

_bc+c
E[ ]— o and (3.Ala)
bc' +c
Ely]= (3.A1b)

The variance ok andy and the covariance of them are

Varx| = ﬁaz, (3.A2a)
2

Var[y]:ﬁaz and (3.A2b)

Covx,y)= (133")2 o’ (3.A2¢)

By using Taylor expansion, the mean value of theffaan be written as

H(0',c' | b,c) =W(E[ X.E y])
+E[E[x] - x]%—\f(’ +E[E[y] - y]‘M (3.A3)

BecauséV is a quadratic function, we can ignore the termmofe than second order

differential of W. Consequently, the fitness can be rewritten as
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H(b',c' | b,c) =W[b'C+C’ b +C}
1-bb" 1-hb
2 (3.A4)
+— 7 (p,[a+0)? + @+b)?|-4sp, (02 +1))

41-wo)’

3.A2. Singular Solutions
A reaction line ¥, ¢) is an evolutionary singular coalition when thdeston
gradient for bothb and c become zero, the condition of which can be obthibg

solving the following simultaneous equations.

9H (0, ¢’ |b,c)
ob o=

c=c
oH (0, | b,c) : (3.A5)

oc' b=b
c=c

According to Eq. (3.6),

oH B Tl . ¢  1-p; c
me,:b:—ﬂb(b G )%1_72%7(1“3)(@ 1—b*+ > J ZSDQE s@ pg):|

c=c=c

0.2

- P; s e
+4,(b,c) —@+b) —4bsp}
‘—b*ZF_ 2 9

oH
oc’

b=b=b’ 1-b 1-b 2

c=c=c’

R | \ c 1-p c
=p.(b,c) *2{(1+b)(pf -+ fj—Zspgm—s(l-pg)]

(3.A6b)

Therefore, the condition of singular solutions barrewritten as

%(1+ b’)®-4bsp, =0 and (3.A7a)
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o —@-b7)A-py)+20-b)sA- p,)

: (3.A7b)
2(1+b )p; —4sp,
The mean cooperation level at the singular solugon
.. —@+b)A-p,)+2s@-
ey 1= —@+P)A-P)+25A-py) 3.A8)

20+b)p, —4sp,

3.A3. Convergence Stability

Next, | investigated the condition of convergendabdity of interior singular

solutions.
« « 0| 0OH « « 0| 0OH
G,(b,c)—| —| B, (b.c)—|—
i ab_ab SEE_bcb i ab_ac SEE_k;b;
Mes = - et - =0, (3.A9)
« «. 0| 0H « « 0| 0H
B.(b',c )6_ 30 o= B.(b,c )6_ ac 5=
C_ d;c_bfb; C_ c d;c_b=b;

wherev is the relative ratio of evolutionary speedcagainstb. When all eigenvalues
of Mcs are negative, the solutio ( ¢) is convergence stable. By using Routh—
Hurwitz stability criterion, this condition can bewritten as

tr[Ms] <0 L de{M ] >0, (3.A10)

where tr and det are trace and determinant Més respectively. The trace and

determinant oMcs can be written as

TR LT - [ LS

1-b P+b)| e 1407 (L1207 ) B0 .C)

(3.A11)
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- 2 .2
) B b o o,
(3.A12)
Therefore, the conditions for CS are
Lo, a+b)-4sp, J3p, @+b')2 -8sp,|>0 and (3.A13a)
4

o’ .
Ty e el

1-b c ,B(b c)
1+b*2[(1‘bJ 5,0 .C )}[p*a o) -4

¢ ¢
< [1 bj(pr ~ ol (S )j‘

(3.A13b)

3.A4. Evolutionary Stability
The condition of evolutionary stability of interiosingular solutions can be

examined by using a following matrix

0°H

_m* B, b, C)aba

B0 .c ) ab,z

Mes = e : (3.A14)

B.(b )2

Oba

B=b=b"
d=c=c*

B=b=b
d=c=c*

wherev is the relative ratio of evolutionary speedcoiVhen all eigenvalues of M are

negative, the solution (bc) is evolutionary stable.

By using Routh-Hurwitz stability criterion, this mdition can be written as
tr[M | <0Cde{M]>0, (3.A15)

where tr and det are trace and determinant ofsMespectively. The trace and

determinant oMgsare
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1 1= ¢ Y psm.c)| o? )
t MES - 2 * < * * %2 XX bWXy

(3.A16)
and
defm ) = £e(0.€) ot 1w f (3.A17)
B®.C) (1-b Fl+b f 140”0
respectively.
Consequently, the condition for the evolutionaghb$t is
p; (1 +b")—4sp, <0. (3.A18)

3.Ab. Singular Coalition on the border

In this analysis, | assumed -1< b < 1 ardl@ Although we have investigated about
the singular solution in interior region, we cascatonsider that on the bordee(b =
+1 orc = 0). Wherc > 0, the necessary condition for the singularitoalon the border

ofb(i.e.b=+1)is

.| oH _
bl*m 3¢ s =0. (3.A19)

Because Eq. (3.A6b) diverges to infinity whier £1, this condition never satisfied.
Hence, there is no singular coalition on the boodér.

Next, let us focus on the singular coalition on bloeder ofc (i.e. ¢ = 0). A reaction
strategy onc=0 can be a singular coalition when the selecticadignt ofb becomes

zero, therefore

%(1+b*)3 ~4b'sp, =0. (3.A20)

85



The condition of CS and ES on the bordec of

2
H
a—,2 <0 and oH <0and (3.A21)
0b'“ | b=b=b’ oc' |=b=b’
c=c=0 c=c'=0
0| oH
— | == <0, 3.A22
ab{ab' gb} . ( )
=c ||b=b
c=0
respectively.

3.A6. Influence of the magnitude of the behavio@rabr and the evolutionary rate
According to Eqgs. (3.A7) and (3.10), the conditminsingular coalition and ES is
independent from the behavioural erscand evolutionary ratg,, .. On the other hand,
Eq. (3.9) shows that the condition of CS is infloeth by these parameters. However,
the influence of these parameters depends on thletenary stability of the singular
coalition. When the singular coalition is ES(Eq. (3.10) is satisfied), Eqg. (3.9a) can

be satisfied only wherBp, 1+b’)? —8sp,< 0. In this case, large or largefc / po

always reduce the value of LHS in Eq. (3.9b), tferee they always relax the condition

of CS. On the other hand, when the singular coaliis not ES, Eq. (3.9a) can be

satisfied only when3p, (1+b")? -8sp,> 0. In this case, the value of LHS in Eq. (3.9b)

is always positive and so the value of RHS in BPlf) also should be positive in order
to satisfy the condition of CS. However, it seenesdenerally difficult because the
value of RHS becomes positive when and only wheliy|x-y-+ < O, i.e, more

investment by the opponent player decrease thepawaff around the singular solution.
Consequently, we can predict that the occurrencevolutionary branching is not

impossible but generally difficult under the exrste of the negotiation process.
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Appendix 3.B: Evolution of the reaction line from ¢) = (0, 0)

3.B1. Zero-intercept evolution

When the reaction strategy of a populatibndj is (0, 0) at the initial state, we can
analytically investigate the evolutionary realizembperation level at the final state by
considering some special situations.

First, | considered a situation that the reactimategy reach to a CS solution with
keepingc = 0. When such situation emerges on the evolutiopescess, we can detect
that the cooperation level becomes zero at thd fitede of the evolution. | call this
situation as “zero-intercept evolution.” For thecowmence of the zero-intercept
evolution, the selection gradient forshould be negative as long as the strategy of the
population reach to a CS coalition en= 0. The selection gradient far becomes

negative orc = 0 when

1- Py
1-p;

b<2s

-1 . (3.B1)

According to Egs. (3.A20) and (3.A21), the reackaBE coalition ort = 0 from the

initial state {.e.,(b, ¢) = (0, 0) ) can be written as

(-1, 0) wherps < 0 andpy < 0, (3.B2a)
. 32
(by . 0) when 0< p, <2—7$pg, (3.B2b)
h 32 .
(2 0) when 0 g and Espg < P, (3.B2c)
(b.” 0) whenpr < 0< py, (3.B2d)

whereb,” andb.” are the solutions of Eq. (3.A20) in Obg < 1/2 and -1 <. < 0,

respectively. Therefore, the selection gradient becomes negative until the reaching
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to the CS coalition on = 0 when

1-p
1< 2s pg whenps<0 (3.B3a)
~ Ms
b, <2$1_ Py 4 when 0< p, <3—23p , (3.B3b)
1-p; 27 7
1< sl_ Py when 0 g and gsp <p;. (3.B3c)
1-p, 27 7

This is the condition of the zero-intercept evalati This condition is a sufficient
condition for that the intercept of the reactiamelibecomes zero at the final state of the

evolution, but not a necessary condition for that.

3.B2. Infinity-intercept evolution

According to Eq. (3.A20), the selection gradientddecomes positive WthFB,

where
~ 1-p
b=0 when 2s pg <1 or (3.B4a)
~ My
-1 1-
b=2s—_Po 1 when 25— P9 51, (3.B4b)
1-p;, 1-p;

When the selection gradients of bdtlandc are positive inb [J b, 1) Oc [0, «), c
diverge to infinity. Hereafter, | call this situati as “infinity-intercept evolution.”

According to Eqg. (3.A6), the selection gradientslfothb andc are positive when the

following three inequalities are satisfied idb [ b, 1).

(1 +b) pr- 2sp,> 0, (3.B5a)
(1+b) (1 -pr)-s(1-pg) >0, (3.B5b)
pr(1+b)* - 8osp, > 0. (3.B5c)

88



Whenps< 0 or 0< p; <2—§spg, Eq. (3.C5c) is never satisfied. When (x<and

gspg < p;, Egs. (3.C5) can be written as

27
O<pr L 2spy<pr L sl_—pg<1 or (3.B6a)
& 1-p, 2 '
O<p [ po<p [ Les Py (3.B6b)
’ 2 1-p; ' '

This is the necessary and sufficient condition efittfinity-intercept evolution. Similar
to the condition of the zero-intercept evolutidmstcondition is a sufficient condition
for that the intercept diverge to infinity in thesult of the evolution, but not a necessary

condition for that.

3.B3. Potential infinity-intercept evolution

Even when the condition of infinity-intercept evadut is not satisfied, the intercept
c can potentially diverge to infinity in the reswlf the evolution. However, when the
selection gradient of is negative forlf, ¢)in Ob (-1, 1), we can detect thathever
becomes larger th@n In other words, the intercept potentially becorindimitely large
value in the result of the evolution when the sbecgradient oic becomes positive in
Ob U (-1, 1) and CcO[0,o) . Hereafter, | call this condition as “potential
infinity-intercept evolution,” which is a necessappndition for the evolution of
infinitely large intercept. By using Eq. (3.A6b)jgltondition can be written as

D(b,c) <0 in ObO(-11), CcO[0,0), (3.B7)

where
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D(b,c) = (1+b)[pf ¢ 7P

c
-2sp, — —-s(1- . 3.B8
T 2] By S0~ Py) (3.88)

First, | fix c to a certain value and investigate the maximunuevaif D(b, ¢) (i.e.,

Dmax(C)) with changing the value d&f. The partial differential coefficient of Eq. (3.C8b)

forbis

oD _ 0 ¢ . 1-p, c

B -9 arb) p, -C —2sp, S —s(i-

ob 6b[( )[pfl—b 2} Py SR

2 1_pf 1
= c+ —-2s c . 3.B9
Pracp T 2 TRty (3.89)
2c 1_pf

= - +
(P —smy) —bE 2

By solving this, we can obtalD,,(C) as

—Ps +Spy
D|1-2 | ———c,c 1-p,
1-p; when 0fcs——— (3.B10a)
~ Ps SR

. 1-p;
lim[D(b,c)] when ———<c¢ (3.B10b)
b--1 ~ P +Sp,

By examiningDnax in [c [0, «), we can investigate the condition tiag.x becomes

negative, which can be written as

O<pr<spy<pr+s—1 or (3.Bl11a)
Pr<pg<OL pr<sp or (3.B11b)
0<pg L pr<spy. (3.Blic)

By considering the contraposition of Egs. (3.BM#g, obtain the condition of potential
infinity-intercept evolution, which is
Pg<pr<0or (3.B12a)

pr+s-1<pg<0 L pg<pr or (3.B12b)
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SRy < P

3.B4. Comparison between analytical and numerroadstigations

(3.B12¢)

By using Egs. (3.8), (3.9) and (3.10), | investgghtthe evolutionary singular

coalitions and their stabilities. Moreover, | alsgestigated the evolutionary trajectory

by using the conditions of zero-intercept evolutiamfinity-intercept evolution and

potential infinity -intercept evolution. The resuldf them are well supported the results

of the numerical investigation (Figure 3.B1).

Appendix 3.C: Analysis of the evolutionary dynamicsooperation without negotiation

When the slope of reaction line is fixed to zere, @an investigate the evolution of

cooperation by considering the evolutionary dynanutthe intercept. According to

Eq. (3.6), the fitness of a mutant with reactiorel{0,c") in a resident population with

reaction line (O¢) is
] ] 2 1
H(0,c'|0,c)=wW(c',c)+ o (5 P, —spgj

The selection gradient ofcan be represented by

dc _ oH(c'|c)
i ﬁ(C)—a o

c=c

=2(p; —2sp,)c+ (- p;) — 25— p,)

The singular solutions is

¢ =~ @-p)+2sa-p,)
2p; —45pg

and the condition of CS and ES are

p; <2sp, and
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Py <4sp, , (3.CH)

respectively.
When ¢ = 0 at the initial state, the condition tfeat the cooperation level becomes

zero in the result of the evolution is

l_
1<2s-_Ps (3.C6)

1- Ps
Similarly, the condition for that diverge to infinity is

1-p, 1
2 <p L S——9<= . 3.C7
SRy < Pr 1-p, =2 (3.C7)

When both these two conditions are not satisfiee, ¢cooperation level reach to a

singular solution and sustained.
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Figure 3.B:

The density plot of the mean cooperation lecalculated by using analytic
investigatior with same parametevalues in Figure 3.2. In the white regior, the
condition of Zer-intercept evolution is satisfied or the singulaugoh exists only ir
interceptc = 0. In black region, the condition dnfinity -intercept evolutio is satisfied
In the horizontalhatched regic, thecondition of potentiainfinity -intercept evolutio is
satisfiedand somesingular solutios existin interceptc = 0. In the hatcheand grey
regiors, singular solutions exist in ¢ > 0, but they apt convergence stable in t
hatched regionThe evolutionary patterrpredicted byanalytical investigatics in

Appendix 3.B wellsuppors the results of the numerical investigation (Fig8r2a)
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