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Abstract

We reconsider the Hawk — Dove game which Maynard Smith and Price consid-
ered with the notion of inclusive fitness. We studied the relation between the
relatedness and the stationary frequencies of two groups such that one group is
more aggressive than the other group.
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1. Introduction

In the conflict among the individuals of the same species, they rarely go on
fighting until each of them dies. In many cases, the conflict comes to end
by the ceremonial threat and even if they begin to fight, they stop fighting at
the point that they have known the ability of the rival each other. As the
reason that the animals behaves like this, the ethologists explained that the
instinct to keep the species restrains to fight with the individuals in the same
species. But that explanation goes against the natural selection theory that the
genotype with the higher reproductive success will spread within the population.
Maynard Smith and Price succeeded in explaining such behavior of the animals
along the natural selection context with the game theory (Maynard Smith and
Price 1973). They applied the model of Hawk — Dove game.

In this paper, with the notion of inclusive fitness, we reconsider the Hawk-
Dove game which Maynard Smith and Price considered. In the traditional
Hawk-Dove game, two types of individual are assumed in the considered pop-
ulation: one takes Hawk strategy and another takes Dove strategy. Hawk
strategy is such that the individual fights until it wins or is beaten. Dove strat-
egy is the strategy that the individual does not want to fight and runs away if
the rival challenges him to fight. Now, we assume that two individuals fight
over the food with its value V', which means that the fitness of the individual
who gets the food increases by V. There are three cases of fight, (1) Hawk vs
Hawk; (2) Hawk vs Dove; (3) Dove vs Dove: In the case that Hawk vs Hawk,
the fight goes on until one of them is beaten and runs away. Individual alter-
natively wins or is beaten with the probability 1/2. The fitness of the winner
increases by V and that of the loser decreases by C due to the cost for the fight.
Hence, the expected gain for the Hawk individual in this case is (V —C)/2. In
the case that Hawk vs Dove, Hawk always defeats Dove. Therefore, the ex-
pected gain of Hawk is V', while that for Dove is 0 because he runs away before
wounded. In the case that Dove vs Dove, they always share the food. There-
fore, the expected gain for each of them is V/2. Table 1 shows the expected
fitness gain based on these assumptions. The column denotes the strategy for
the considered individual and the row does that for the rival.

Maynard Smith and Price considered two types of strategy (Maynard Smith
and Price 1973). One is the pure strategy, and another is the mixed one. Pure
strategy is such that every individual can take only one specific strategy, Hawk
or Dove strategy. Mixed one is such that every individual takes Hawk strategy
with probability P and Dove one with probability 1 — P.

They also defined the evolutionary stable strategy (ESS) as follows: If almost
all members take the strategy, no mutants who take the strategy different from
it can have the higher fitness and increase within the population.
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2. Assumption

In this paper, we consider the relatedness between individuals. We assume
the followings: If a individual takes the same strategy as the rival takes, the
relatedness between both of them is R (0 < R < 1). If a individual takes the
different strategy which the rival takes, the relatedness between both of them is
and r (0 < r <1). The relatedness among individuals with the same strategy
is assumed to be higher than that between individuals with different strategies:

r<R. (1)

3. Pure strategy

We assume that the frequency of Hawk individuals in the considered population
is @, and that of Dove is 1 — Q. So, it is expected with probability @ that the
encountered rival is with Hawk strategy, and with probability 1 — @ that it is
with Dove one.

Let Wy and Wp respectively denote the expected fitness of Hawk individual
and that of Dove one. There are four types of the result of fight and the expected
fitness gain as shown in Table 1. Then Wy and Wp are given as follows:

Wg = Wo+QU+R)(V-C)/2+(1-Q)V (2)
Wp = Wo+QrV+(1-Q)(1+R)V/2, (3)

where W) is the fitness of the individual before fight. Now we assume that the
fitness before fight is common among any individuals. We define the difference
AW between Wy and Wp as follows:

AW =Wy — Wp. (4)
From (2) and (3), AW is appears as follows:

AW — Q{Q(R*T)V*(1;R)C}+(1*R)V' (5)
If AW is positive, the frequency of Hawk individuals is expected to increase in
the subsequent generations. If AW is negative, the frequency of Dove individ-
uals is expected to increase in the subsequent generations. If AW is zero, the
frequency of Hawk individual would not change. When V and C are constant,
the final frequency of Hawk individuals and Dove individuals depends on r and
R. 1If one of the following two is satisfied, ESS is the Hawk strategy (see Fig.
1(a, b)).

— 2
V >C and O§r<VVC,maX{r,%rl}§R§1; (6)

V=C and r=0,0<R<1. (7)



April 2, 2004 3

If the following is satisfied, ESS is the Dove strategy (see Fig. 1).
V-C

<r<1,R=1 (8)

If one of the following three is satisfied, Hawk and Dove groups coexist (see Fig.

1).

V-C 2V
> 1 < i —-1,1;;
V>C and V+C’<r< ,T_R<m1n{vcr , }, 9)
V >C and r:%C,Rzl; (10)
V<C and 0<r<l1l,r<R<]1. (11)

fv>Candr=(V-C)/V,R=1orif V=Candr=0,R=1,
the population remains at the initial state; otherwise the frequency of Hawk
individuals would asymptotically change to a certain positive value Q* at a
stationary state.

We consider the dependence of the stationary frequency of Hawk individuals
on R. If V < C (Fig. 2(b, ¢)), the stationary frequency @* of Hawk individuals
is monotonically decreasing function of R. If V' > C (see Fig. 2(a)), the (r, R)
— dependence of Q* is shown in the Table 2 (also see Fig. 2).

Next we consider dependence of @* on r (see Fig. 2). We find that Q* is
monotonically decreasing in terms of 7.

From the above argument, we find the followings: Only when R = 1, that
is, when the individuals in the same group have the common gene, it is possible
that ESS is Dove strategy. When V < C| it is impossible that ESS is Hawk
strategy. Since the expected fitness gain of Hawk individual which fights with
other Hawk individual is negative, the more the number that Hawk individual
fights with another Hawk individual is, the less the fitness of Hawk individual is.
When V < Corwhen V > Candr > (V—C)/V, the stationary frequency Q* of
the Hawk individuals is decreasing in terms of both » and R. That is, the more
r or R is, the less Q* is. If r increases, the probability that the other individual
in another group has the same gene become higher. Then the expected gain
of Dove individual which fights with Hawk individual becomes larger (see Table
1). So it is expected that the frequency of Dove individuals increases. In
contrast if R increases, the probability that the other individual in the same
group has the same gene becomes higher. Then the increasing quantity of the
expected fitness gain of Hawk individual which fights another Hawk individual
is lower than the increasing expected fitness gain of Dove individual which fights
with another Dove individual (see Table 1). Therefore, the frequency of Dove
individuals increases. When V > C and (V - C)/(V+C) <r < (V-C)/V,
the frequency of Hawk individuals is increasing in terms of R.
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4. Mix strategy

In this chapter, we consider the case when considered individual takes the mixed
strategy of Hawk strategy and Dove strategy. We consider two groups, P; group
and P, one. The individual of P; group takes Hawk strategy with probability
P, and Dove with probability 1 — P;. The individual of P, group takes Hawk
strategy with probability P, and Dove with probability 1 — P,. We assume
that the individual of P; group is more aggressive than one of P;, so that

0<P,<P <1 (12)

And we assume that the frequency of P; individuals in the considered population
is @, and thus that of P, individuals is 1—@Q. So, it is expected with probability
@ that the rival is one of P; group, and with probability 1 — @ that the rival is
one of P, group.

Let W1 and W respectively denote the expected fitness of the individual of
P, group and that of one of Py group. There are eight types of the fight and
the resulted expected fitness gain for each of them is shown in Table 3. Then
the expected fitness of W1 and W5 are given as follows:

(V-C)(1+R) (V-C)1+r)
2

+P(1-Q) 9

Wiy = Wo+ P {PlQ
+{1-P)Q+(1-P)(1— Q)}V}

+ (1 — Pl){PlQRV + Pg(l — Q)T‘V

V(1+R)

+ (1 - P)Q 5

sa-ma- UL oy
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(V-C)1+R)

(V-C)1+r)
2 2

Wy = W0+P2{P1Q +P(1-Q)

+{(1-P)Q+ (1 - P)(1 Q)}V}

+ (1 — Pg){PlQT‘V+P2(1 - Q)RV

Va+r)

+ (1 - P)Q 5

sa-ma- L

We define the difference AW between W7 and Wy as follows:
AW =Wy — Wy, (15)
From (13) and (14), AW appears as follows:

AW — %[V(lfr)(PlfPQ)+C(1+R){*QP12+(1*Q)P22}

+(1-2Q){V(r— R) + CPPy(1 - r)}} (16)

We could consider three final state of the population: i) P; group occupies the
population; ii) P; and P, groups coexist; iii) P, group occupies the popula-
tion. Table 4-6 show respectively the conditions that P; group occupies the
population, that P; and P, groups coexist, and that P» group occupies the pop-
ulation. @Q* is such that AW(Q*) = 0, and @’ is the initial frequency of the P;
individuals in the population.

Figs. 3 and 4 show the stable region and the unstable region. The stable
region is such that the stationary frequency of the P; group is positive for any
initial value @Q’. The unstable region is such that the stationary frequency of
Py depends on the initial value Q.

Provided that P; group evolves from P, group, we can consider that the
initial frequency Q' of Py group is sufficiently small, and that P; is a little
larger than P,. Then, we can regard the unstable region and the region such
that AW < 0 as the region that P; group can not spread within the population,
and the stable region and the region that AW > 0 as the region that P; group
can spread within the population.

5. Conclusion

We found that whether the stationary frequencies of the Hawk and Dove groups
depend on not only the benefit of foods and the cost of fight but also the
relatedness. In the case that an individual takes only one of Hawk and Dove
strategies, it is possible only when the individuals in the same group have the
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common gene that Hawk group occupy the population. In the case that an
individual takes mixed strategy, it is hardly possible that the frequency of the
mutants which are a little more aggressive than others increase. However, when
C >V it is possible that the mutants occupy the population.
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Appendix A The definitions of «, (#, E, F>, Ej

and p
e A o
B (1 —r)\/(2+R—r)(R+r)
po= (R—7)(1+R) (18)
—r 2
Biad) = qammg (@4 ) (19)
E2(avﬁ)

(R=n)(1+R) {\/(R+r)(2 TR _me®+ /) +201 +R)a5} o)
- 41-7)2(2+R—1) {\/(2+R—r)(R+T) + (1+R)ﬁ}

EB(O‘7ﬁ)
(R=7)(1+ R { R+ N2+ R —1)(a® + 52) —2(1 + R)ag} ”
- VEFR-NR+r) - (1+R)p 21
) V2+R—-r)(R+r) (22)

1+ R
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Figure

Table 1.
Table 2.
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Table 4.

Table 5.
Table 6.

Fig. 1.

Fig. 3(b).

Fig. 4(a).

Fig. 4(b).

Fig. 4(c).

and Table Captions

The expected fitness gain for each fight in the case that an indi-
vidual takes either Hawk strategy or Dove strategy.

R —dependence of Q* when V> C. f R=1andr=(V-C)/V,
the frequency remains at the initial value.

The expected fitness gain for each fight in the case that an indi-
vidual takes Hawk strategy and Dove one.

The condition that P; group occupies the population. The defini-
tions of «, B, F1, Es, E3, and p are given in Appendix A

The condition that P; and P, groups coexist.
The condition that P» group occupies the population.

(r — R) - dependence of the stationary state. The region H is such
taht Hawk strategy is ESS; D such that Dove strategy is ESS; C
such that Hawk and Dove groups coexist.

The stationary frequency Q* of Hawk individuals. (a) is when
V > C; (b) is when V = C; (c) is when V < C.

The light grey regions is the unstable ones. The dark grey regions
is the stable ones. The black regions is the one in which AW < 0,
that is, the frequency of the individuals of P; group would always
decrease. r=0.3, R=0.5,C =11.0and V = 1.0.

The region of stable and that of unstable. r = 0.3, R = 0.5,
C = 3.0 and V = 1.0. The white region is the one in which
AW > 0. The black region is the one in which AW < 0.

The region of stable and that of unstable. r = 0.3, R = 0.5,
C = 1.0 and V = 1.0. The white region is the one in which
AW > 0.

The region of stable and that of unstable. r = 0.3, R = 0.5,
C = 1.0 and V = 5.0. The white region is the one in which
AW > 0.

The region of stable and that of unstable. r = 0.3, R = 0.5,
C = 1.0 and V = 15.0. The white region is the one in which
AW > 0.
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V-C V-C
R < R >

o V —C | constant (Q* =1)or constant (Q* = 1) or

\% monotonically increasing monotonically increasing
r=— - constan =

Vv 2V -C

V-C . .

r> v - monotonically decreasing




April 2, 2004 12
strategy of rival
rival in the same group rival in another group
Hawk Dove Hawk Dove
own strategy
-1+ R V-0)(1
Bk | VZQUER | 200D |
1+ R)V 1 V
Dove RV % rV (+TT)




April 2, 2004

V(P1 — PQ) - CP (P1 + PQ)
r=R<1|r<
- (P —P)(CP+V)

\%
r<R B=p Elﬁa
\%
(a—1)22+3>1 E2<5<E1
\%
B<p|(a—1)2+3>1 E2<5§E3
Q/>Q*

(=124 =1 | Bi=F=By< 5, Q' >Q°

(a—12+p2<1 E2§g,Q’>Q*




14

April 2, 2004
’[":R:
V(P1 — Pg) — CPl(Pl + PQ)
r=R<1 <r<l1
(P — R)(CPL+V)
r<R |B>p|(a—12+p2>1 g§E2<E1
2 2 v
(a—1)*"4+p4°<1 5<E1§E2
9 | 2 14 / .
B<pl|(a—12+p>1 cSE @ =0
\%
E3<67 Q/:Q*
2 2 v
(a—l) +p3°=1 6<E1:E2:E3
\%4
E1—E2—E3<6-,Q/ Q"
1%
(a—1)+p%<1 <P
14
E2<57 Q' =Q"




April 2, 2004

\%
(a—1)2+32>1 6§E2’Q/<Q*

Voo
_ <
B3< 5, Q'<Q

r<R|[B<p

v
(=12 + =1 | EBr =B =By < 5

(04*1)2+62<1 Egga




April 2, 2004

(a) (b
R R
A
C
1 k- - - - - - - - D 1
|
H C \
vV-C ‘
v bt \
v—C f----------- H \
V+C ! \
| |
L . |
o v—o/ ™. V-C 0
V+C V>C v
()
R
A
/D
1
C
0

16



17

April 2, 2004

——

\\\\“\\

99004
—_—— —

7,

24/

77

]
(=}

\\\N\\#\ﬁk!

LA
\~“--~ﬂ-\




18

April 2, 2004

0.00.10.2 0.3

0.8

0.6

0.4

0.2



April 2, 2004 19

03/ /

047 /

0 0.2 0.4 0.6 0.8 1




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


