gogd

ooobobboooobobboogooobobboooad
gooooboooooobod

A non-standard mean-field approximation model involving the characteristics

of spatial distribution in the lattice space dynamics

February, 2007

0000 (Tsutomu MATSUOKA)

M052595

Department of Mathematical and Life Sciences
Graduate School of Science
Hiroshima University
Kagamiyama 1-3-1, Higashi-hiroshima, Hiroshima 739-8526
JAPAN



HEN

ggodobobobodoooobbboboooooobobbooooobo
gobboobuoooboobbooobboobbuoobbooboooboo
gboooobooooboboooobooooboboooboobooon
obooooboooobOobooooboooobooboooOoboon
ggbodbuodbuodboobuoobuooboobuooboobooboo
ggodobbobbodooooobbbboooouobbbbooooobo
gboobooboo-oboooobooo-booobooboooboobooon
gbooooobooooon

gogodobobooboboboooooobobobboooouoobbooobooboobo
ggodobbobbdooooobbbbdooooubbbbuooooobo
gbooboobooooboboobooboooobobooobooboooon
gbooooboooobobooooboooobobooobooboooon
0000000 (standard mean-field approximation model) 0000000
gogodobbobbdooooobobbobbooooubbbboouooobo
gboobooboboooooboobooobobooooooboooon
gbooooboooobobooooobooooboboooboOoboooon
obooooboooooboobooooobooooobobooooboOobooon
gogodobobobtbodooooobbobbdoooouobbbboouooobo
gobooooboooo2bb00oooobooo-obobooobooooon
gbobooobooboooooboobooboobobooooooboooon
obooobooboooooboobooooobOobooooooboooon
ggodobbbobdoooooobbbboooooooboo

O00O000OPascual 0 (2002) 000000000000 20000000
gboooo-boo0ooobooboooobooboo

(1) 0000000000000 D00000 AtO0000 11—
e PAT Q000000000000 DO0 100000000
0000000000000000000000

% Al (Neumann yA{E D n=4)
INgal

(2) OOD0O0D0O0UOUODOO0O0DO0ODO0OOOOOOOOOOOO
gboooboobooboobooboo1oboooboboon
At000001-e A 000000000000000
ooog



(3) U000 UO0OUOOODUODOODODOODULOOObLOOO
gboooooboooooooboo

(4) 0000000000000 D00000000000000
0000000000000 At0000O0 1—e%t00Q
ooono

(5) 00000DDD0O0OD0ODOO00OO0O00O00 AtODOOO
l—e A OQOoOoooQ

obooobOobooooobobooobooboooooboooon

dps
7%’ = Bpa(l = pa = py) = py {1 = (1 = p)"}

d
L = b, {1 = (1= pa)"} = 3py (1= p,)"

(1)

p0p, 000000000000 OCO0O0O0O0OCOOOOOOOOOOOO0NO
Oo0o00boo0ooO0oboobo0boo0bod0dn =40 Neumann OO OO
O0OPascual 0 (2002)00rv=1000000000000000000O
obooboooOobO-000D000O00O0O0O0DOO0OOCODOOODOO0OO
obooboooooooboboooooooog »,0000000000D0
goooooboooobooboooooobooooobooooobooooo
gbobooboboooboobooooboboooboobooooboooon
obooooboobOoooobooooboboboooooboobo-oon
OO000O00DOO000O000O00DOO0000O00DOO0OO0OdPascual O
(2002) 000000000000 U0DOOO0OOO0ODOOUOOOOOODOOO
gboboobobooobooboooooboobooooobooooboooooon
gboocobOobooooboboooooboooooonoo

O000000O0OOPascual 0 (2002)000000000O0O0OOOO0O
Ub0ywobobooooogoogoooboboooooooooboboo
ubobooboooooboobooooboboooobooboooooboaon
gbooboboooboobobooobobooooobooooboooon
oboobOooooboobobooobooboooobooboooooboooon
gboboooooooooboooooobooobooobobooooo
Pascual0 (2002) 0000000000000 O0O0O0O0OO0O0OOOOOOw:
gbobooboobOobobobobooboooooooooooboboooon
oboooooooy»ooooooobobobobooooooooooan
goooboooobooboooooobobooooboobooooobooogoo
oood



0 O

1 00 1
1.1 000000000000 . ... 1
1.2 0000000000 0O0O000D0 « .00 oo 2
1.3 000000o00o0aooooog .o 0o oo o . 3
1.4 000000 ... 0 e 5

2 10000000000000 6
21 OD00O00O000000 ... o oo 7
22 0000000 ..o o s 9
23 ODO0O0OO0OoOO0OOoOooOobOooo .00 10

3 200000000000D0-D0DO 11
3.1 00000000000 ... o oo .. 18
3.2 OO000000 ... e 23
3.3 PascualO (2002) 00 0000OOOOOOOO ....... 39

4 00OO00OO0OOOO0OOOoOoOoOobOOooooon 43
4.1 PascualO (2002) 00 0000O00OOOOOOOOO ..... 43
42 OO0OO0OO0O0OODOODOOOOODO ..o 51

5 0d 54

oo 59

OO0 A D000 AtOO0OOOOOOOOO 60

00B 0O00O0D0OOO0OO 61

00 C ODogopoooooooooopooooooodg 62

good 63



1 00

1.1 00Oo0ObOuogobood

gobobbooobbdooobbooobbooobobooobbooa
oo0oo0ooo0ooO0o0oooOo0o0oOoO0o0obooOo0o0boO0o0boO0n
00000 [22000000000000000000000000O0O00
Ooo000oo0oO0ooO0o0ooo0o0ooooooooooooooooo
gobobooboobgoobobobooboobooboboobobooboo
oo0oo0oo0o0boOo0o0oo020000000000000000G000O
oo0ooooOo0ooOo0oooo0o0ooOoooooooboooooooo
gobgboboobbobooboaobooboobooobooboaboo
gboooooboobobooobobobooooboboboboobod
oo0oo0ooOo0ooO0o0oooOo0o0oOoO0o0oooOo0o0boOo0o0ooo0n
Oo000oo0o0ooO0o0ooo00ooO0o0oooo0oooo0ooooon
0000000000oo0o0oUo0oo0ooUoD R1poo0ooo
goobobooooboboboboobobobobooboobobon

oo0oo0oo0o0ooo0oooOoO0o0ooOo0ooooOo0o0oooOo0oooo
0000oo0o00ooOoO0ooOo0o0ooOoooooooooooooo
goboboobooboobobbooboobooboobobooboo
Oo0oo0ooooOo0oo0o0oOoO00o0o0oO0bO0O00O0000000
o000oo0o0ooO0o0ooOo0o0ooO0o0oooo0ooooOoo0oooon
0000000000 00o0o00000o0o0o000o0ooo0o0100000
0000000 (Postelsia palmaeformis) D000 000000000O0O0O
000000000 (Mytilus californianus) 0000000 [3,21)J0000
000o00oo0oO0o00o00o0ooo0boOo0oOooooooooooo0n

gbobogbooabouoobgoboboaboabouoobooboaoboan
gobobooboobgooboobooboobooboooboboooboo
0000000000000 0000000O0000O0O00O00000000
oooo0O0000000oooOo0O0OO0000O0OOO0O0OO00000000
goboboooboobooboboboaoboaobooboooboboaboo
0000000 Atkinson & Shorrocks 2] 0000000000000 0OOO
00000 20000000000000000000200000000
0000oo0oO0ooO0o0oooo0o0ooOooooooooooooooo
gobobooboobooboboboobooboobobobobooboo
oo0o0booOoO0ooooOoO0ooOoOoO0booO0oOoOoooboOOoO0O0O0ooO0n
o000oo0o0ooO0o0ooOo0o0ooO0o0oooo0oo0booOoOoo0ooon
00o000000o00oo0oo0oooooo0ooooooooooooo
gobobooboobgoobobobobooboobooobobooboo
oo0o0ooo0ooO0o0oooOo0o0oOoO0o0obooOo0o0booOo0o0booO0n



0000000000000 0000D000 (aggregation model) 000 OO
0o0o0oOdDo0ooOoodboooodooooobOOoooooOoooon
O0ooooooo 13,310

obooooOoobOo0ooOOobO0obOoOoogbooboOobOOobooogboo
00oo0ooOdbDOo0ooOOobOO0bOoOO0ooobOOoooOobOobooOooOoooon
00o000o0oDo0oO0oDooooooooooooOoooooDooooon
0000000000000 00000000000U000 14,32000
00O Skellam (1951) [35] 0000000000000 OOOOOOOOOO
00000000000 24000 [7, 11000 [11)o000o0o0oooo
ooooo

1.2 0J0O00Oogoobooooooooboon

goo0oooooooooooouooouooooooooooooooog
DDDDDDDDDD[14,32]DDDDDDDDDDDDDDDxi(i:1,2,...)
godoooooooooooo AtDoooooooooooooooog
go0o0o00oooooooooooonOo0OOoboOoUoOo DOOoOoOoOoo
go00oo0o0ooOo0ooooooooooooooooooooooooog
Jo0doo00ooo00oooooobooooooooooouooboooogoog
Jgo0o0ooooooooooogoouooguoooog (diﬁusionequation)
gooogog 5 52
n n
o Do
Oo0oooooooo

N —2?/(4Dt
n(m,t)—\/ﬁe /(4Dt)
o0o0ooboOoobo t=00000 NODOUODOz=000000000O
gobobooobooboboooboobuogob 000000 z=00
0oo0Oooooo2pt0o00ooooon
gobobooobooboobobbooboobuooboboboboooon
gobobooobooboobobobobooobooboobobobooboo
ggodoobobobotodoooobobobbooooobboooboa

on_ ot

ot Ox?
r0000000000000000000000 (intrinsic growth rate) O
gobgoooobooobooood

+rn (1)

n(x,t) = N e~ /(ADt)+rt

Var Dt




0000000000000 000O0D00U000 cO000OOo 200
good
@%2\/@
00000000000000000000000000 2vrDOO0O0OO
O0000O0OSkellam 35| 00000000000000O00O00OOO0OOO
00o00o0o0o0o0oo0oOo0o0UD (1)oooooOooooooo
gboooobooboooboobooooooboooooobooboooon
gboooobooooboboooobooooboboooboobooon
000000000000 00000OFisher (1937) (9000000000
gogodbobobbodooooobbbbooooobooboobog
2

ggodobbobbdooooobbbbdoooouobbbbooooobo
0ooo (10

0000000000000 0000OShigesadaO [34) 0000000
ggodobbobodooooobbobbooooobobbuoouooobo
goodobobbboooooobobbboooouobbbboouooooboo
gbooooboooboobobooooboooobobooobooboooon
oboboooboooooooobooooboooobooobooooooon
0 [33]0

goodbobbbtodooobobbbodoooobbbooooooboo
gbooooboooboobobooooboooobobooboOobooon
000000 (reaction-diffusion system model) 000000000000
ggodoboobobobooooobbobbdooouobbobbuooooobo
gboobooboooobobooobooboooobooooboOoboooon
gobooobooboboobooboobooooooboboooooboooooon
gbobooobooboobooobooooobooooooooooobooboooobooon
gogobboooboodbboobobuooobbooobboobboooboobo
000000000 0o0o0oooooooo 8o

1.3 00Oo0boooobooooon

gbooboobooooboboooobooooboobooooboon
gbooooboooobobooooboooobobooooboobooon
0000000000000 0000000UooOooU 1s)pooooo
goboooooboooobobooooobooooboboooboboooo
gbooobooboooobobooooboooobobooobooboooon
gbooooboooobobooooboooobooboooobooon
oboooobooboooboboooobobooobooboooobooon



0000000000 [5000-000000 [170000-000000
[36) 0000000D000000000000 [4,5)0
000000000000000000000000000001000
00000000000000000000000'00000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000 0000000000000000000000
00000 [29000000000000000000000000000
00000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
00000000000000000000000000 [30]0
0000D00000000000D0000000000000000O0
[16,27]0 0000000 20000000000000000000000
00000000000000000000000000000000020
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000 0000000000000000000000
00002mO0000000000000000000000000000
00000000000000000000Barro Colorado0000000
20m00000000000000000000000000000000
0000000000000000000000 (120000000000
0000000000000000000000000000000000
0000000000000000
00000000000-00000000000000000-0000
0000000000000 Lotka-Volterra D 0000000000000
000000000000 Tainaka (1992) [37/0 0200000000000
0000-000000000000000000000000000000

l00000000000000000000000000000000000000000
00000000000D00000000000000000000000000000000
0 [10]0



oobooooboooooboooboooooboooobooooboooooon
ggodobobbodoooobbobbdooooobbobbuooooobo
goodobbbbooooobbbbouooooobbbboouooooo
gboooobooooboboooooboooobobooooboobooon
000000000 O0OLotka-VolterraDOODOOOODOOOODOOOO
gogbobooboooboboobbooobuooobuoobboobboon
gbooboobooooboboooobooooboobooooboon
gbooooboobobooobooboooooboooooobooooon
oboooobooboooboobooooboooobobooooboobooon
ggobobooooobobobobbtoooooobobobobbooooooobo
gbooooboooooooo
oboooooobooooboobooooooobooboobooooobon
ggodoboobbodooooobbobbdooooobbobbuooooobo
goodobobobbooooooobbbooooubbbboouooobo
gbooooboooobobooooboooobobooobooboooon
0000000 (standard mean-field approximation model) 0000 00O
ggodoboobbododoooobobobbooooobobobbuooooobo
goodobobobbooooooobbbooooouobbbboouoooobo
gboooobooooboboooobooooboboooboobooon
oboooobooboooboobooooboboooboboooboobooon
000000o00o00oD Yoooooooo0oUoooooooUooo
000000000000 3QUOo00000000o0oo0ooUooo
gboooobooooboboooobooooboboooobooboooon
obooooboobooobooboooobooooboboooboobooon
000000000000 (mean field) 0000000000000 0OOO
gboobooboooboobobooooboooobobooboobooon
gbooooboooobobooooobooooboobooooOobooon
00000000 (800000000000 00o0ooo0ooUooo
goodobobobbodooooobbbbdoodubbbboouoooobo
gbooooboooooobooog

14 0O0OO0OOOO

obooooboooooboobooooboooboooobooboooooon
gobobooboobgoobobbooboobooboobobooboo
gboboboboooooooooooooooooobobobon 2
goboooooobo-Ooooooobooboooobobooooboooobo
gobgbobobbobooboobooboobooobooboanoo
gobobooboobgooboobooboobooboooboboooboo



gbooooboooobobooooboooobooboooboOobooon
obooooobooboobobooooboboooboboooon

2 100b0ogooooboogd

ooboooboboboboloboboboboboboboboobooo
000 [28)000000000001000000000000DO0DO0O0O0
gbooooboooobobooooobooooboboooboOobooon
obooooboobooobobooooboooobobooboboooon
oood

(1) OOU0DO0O0O00O0O000 AtO00 pAtO000OO2000000
gogbbodobobol1boobbooobboaoobooooboaann
googobooooboogo

—O——@——0—
\__ A s Aomasyqb

(2) D0DOOUOOOUOOOO AtO0O0 dAt0DO0OD0O0OOOOOOOO
ooooooo

00000000000000 p,00000000000000000
00004y (0,0 €{x,0}) 00000 ¢ 00000000000000
00001000000000006¢000000¢,40 (6”7 €{z,0})00
00000000 ¢’ 000000 06" 0000000000O00O0OO0O
00 100000000000 000000000p, 00000 (global
density) 0000 ¢,/ 000 ¢o/070» 000 D00 (local density) 00000
0000000000000000000000000000000000
00000000000000p,04¢,,000000000000000
goooooo

0000000000000 0000000000000 At00000
(x)D00000000 (0)000000D0000000000000000
00000O0Oo0l-efAt0l1—e At OgQoO00000000O0O0OO0O0
0AMO00000t+At00000000 p,(t+AH)000¢t0000
0000 p.() 0000000000 00000D0O0

palt + At) = po(t) + (1 — e P27) qosu(t)pu(t) — (L— %) pu(t)  (2)

0 (2)002000000000000000000000O0DOOOOO
00000000000 R000000002%00000000000001

200000000000000000000000000000000000000000
goooooooooo nOO0OOOOO0OO0OO0OO0O0OODOOOnOOOOOOOOOODODOOO
gooooooOoooooboOoOoOoO0O0oOo0oOooboOoOoOO0oOoDOoOoboOoOoboooODODOOb0O0O0 nO
ooooooooo




obooooooboooooooon

2C1(1 = qo/2)" ' q0/2

ooobooooooooooboobooooooboobooooooboboob1o0oooDon
000000000 1/,0000At00000000000000 1—e~ P4
O0000O0oOoOoOoo1oo0o0o00ooooooooooAtooOOO
gboooooobooooon

-~ (1—e P2 ,01(1 - Q)" dosa

obooooboooboobooobooogobo 2, 3,...,n0000000000
oooooooooooo0o0ogoooooooooooooDoDAt0O 10O
gboooobooooo

1 2

o (1= ﬁAﬁ 1—-%vm) Yaoge + = (1= €72) nCo(l = q0s2)" "5
"k B e

= kzﬂﬁ 1 —e€ BAt) 1 _qO/x) kqg/w

_ "k n! "
= (172 Zﬁ 'k' — do/a) kqg/w
k=1

= (1-e ") gy Z n-1Cr—1(1 = (Io/m)(n_l) (=) g/wl

k=1
n—1

q0/a Z n—1Cr(1 — q()/x)"‘l"“q(’i/z
k=0

(1 e 5At)

= (1- _ﬂAt) qo/2 {(1 = qoa) + QO/w}n_l
( )
(L

1—e=PAat q90/z

—¢€ ﬁAt) 1*(&/90)
000000000qy.=1-¢,,00000 () 00300000000

000000dooo (2)Uoo00oAt—000000000000D00O0O0
Up, 000000DOODOOODOOO

dpa
dt

gbooooooooo

21 0JO0O0O0oObDOoOoOoOon

oboobooboooobobooooboooooboobooooobon
0000 (3)00000000o0o000oooooooooooooooo



0.8

density

0.4

0.2}

time

0 1: 0000 p 0000000010030000000000000000
000000000 0000000000 (400000000 =>5.0;6 =1.0;
n =20

obooboooobooboobOoboobobooobooboooooobooono
oooobooooobo

dz/z =~ Pz
0do0booo0ooooobooooooobo0ooooooboboooooo
01000bboooobobododoobooooobbooo 1ooo

gboobooboobooboboobooboboboobooboboan
0000000000000 o0oo0oUo0o0ooUoooooo@B) oo

dpa
dt

= B(1 = pz)pz — 0pa

:w—a)(l—l_pg/ﬁ)pm

gobobooboooboobbooboobboobobooooobooon
oooo

(4)

B>6 (5)

000000000 pi=1-4/00000000O000O0O0O0O0OOOOOO
oooobooooOoboooOobooboobooooobooooobooonoo
Ol00ob00b0o0ooboobooooobobobooboooooboooboobooonoo
gobobooooboooobooooboboooboooboooooobooOooobo



22 0000000

gbooooboooobooboooobooooboobooobooobon
0000000000000000000000000 (pair approximation
model) 0000000000000 O0O0OOOOUOUOODODODOOOO
O000OMatsuda 0 2000 000000000000000O00O0OO0O0
gooon

oboooooboooooboboooogobooooboobobooooobon
obooooooboooooboboooobooooobobbooobooboooo
gboooobooobooboboooooboooobooboooboOoboooon
gbooooboooobOobooooboooobooboooobooon
obooooboooobobooooboooobobooobooboooon
gobooooooooooobooooooo

gbooboobolooooboooobooboooobooobooobon
obooobooboOn=20000000000000000000000OO
0000 (doublet density) O p,, 0000000000 DO0OD0OOD0OO0OO
gboobogo20bobobooboooobobooobooboooobooon
oooo p,, 0000000000 0O0COO0O0DOCOO000

dpzz

dt
01000220000000000000000000 p,, 0000000
000020000000000000000 20000000000 200
0000000000000000000 220000p,, 00000000
00000000000 30002000000 0000000000000
000 0000000r-100000000000000000000
0000020000 2200000000000 p,, 0000000000
020003000000020000 20000 0:0000000000
0000000 pe0 = pos

ogoo
dt dt pr dt p2 dt
000000(3)0 (6)00000

2 1
dt :(1_(]@/95) {6+n+26 (1_n> Qz/Om_ﬁQI/z}_(s (7)

gbooooooooo
obooooooooboo

Az /0x =~ 4z /0

gboboboboboboobobobo o0 onooooooooon
gbooooboooboobobooooboooobooboooboOobooon



Og0o0oooooooooooooooobooooooobooooooono
|:J|:J|:JD|:||:||:|DDD[l[l[lDDDQI/ODDDDDDDDDDDDDDDD
Px0 (I_QI/m)pﬂc

qz/0 = — =
/0 Po ]-_pz

0oOooO0oOoo@ o (rooooooooooooooooooooooo
gboooboobooooboboooobooooboooobOoboooon
gbooooooboao

dpz

— = 1- Tz — ) T

0 B = qz/z)pa — Op

dqgc/ac 1 1\ (1 7Qx/x)pz Az /x

—= =(1- 6+ 2 — 1—— — )
dt ( qx/x)[—l—ﬂ{n—k( n) 1 ps 2

(8)
Oooooooo (g)uoooo
1——>

(9)

>

S|

goboboobooobooobogo

P+ @ ya) = <A+1,1 ﬁ)

0000000000A=(1-1/n)§/{8(1—-1/n)—6}0000

23 U0O0oOooboboooobobod

gbooobboboboobooboobouoboobooobooboooo
gbodbooobobooooboooobooboooobooboobooboo
000 [8|000000000000000000000000000 (singlet
density) 00 0000000000000 O00O0O0OO0O (doublet density) O
gboooobobobooooobbooobobobobobobobobo
0000000000000 -000000000o0U (y)oooo (x) 00O
0000000 py 0 p,00 (empty) 000000000 po (=1—py— py)
000020, zy00 60000000000000000 prelpe, 0000
goboboooboobobboobooobooboboboo1boobooboo
gobobobooboooboooboorbooboo

(5)0 (9YOOUODDOOUOODUOOOODOoOUOoOoOooOOoUoOooooooo
0000o00o0o0o0o0ooooé/pU00000000000O0O0O0UOOOn
Udn>200000000000000000ODOOOCODOOODOODOO
gobooboooooboooog

Y L (§/B)
(1_6)_1+An—1—5/ﬁ>0

10



o o
o ®
T T

.
| |

equilibrium density
o
=

0.2 B

02 0000000000000000100300000000O0O000O0DO0O
000000000000000000000 (4)oooooooooo (8)o
B8 =5.0;n=20

gbbobOoboboooboobg p, 00000 D0OO0OO0000OO00 pg
gbobobobooboboboboba
obobobooboooooooooool1oobobooboboooooooon
oooObOoooobObooooboboooooboboooooobooooooo
(n=2)00000000000000 20000 00000000 OO
gbobobooboboobooboobobooboooboboooboooobooon
oo00Oo0oboo0ooboOoooo éOOO00ODOUODOOOODDbOO

3 20000u0ouboooobbo-ggad
Pascual[25] 0 2000000000-0000000

Pascual 0 [25|0 0000 2000000000000000-00000
00 1[6,260000000000000000000 (predator) 000000
(prey) DO0OO00O 100000000000000 (empty) DO0OO0O0OO
obooboooboobooboooobobooobooo

(1) 0000000000000 00000 At00000 11—
e PA 000000000 0O0OO0OD 100000000
000000000000 00000000O0O0

11



/l//' A OBEES Ak (Neumam EEDHE n=4)
Ny

(2) 0000000000000 0O0DO0O0DOO0OOO0OOO0OO0
gboboooboobobooobb10bb00o0b0o0n
AtODO0D00OD01-e*A*000000000000000
goano

(3) 0000000000000 0OU0OO0O0oDOO OO0
gbobooobobooboobgn

() 000000000000 000000000000000
0000000000000 AtO0000 1—e %200
oooo

(5) 00000000000 D0OO0O0DDO0OO0 At0000O0
1—e A O000oo0on

goooboobooobooboboooobo

0300Pascual 0 [25|000 2000000000000000000O0O
gbooboboobobooboboobobbooboboobobo
gboooboooooobobooboobgo 200 300x300b000noan
00000 BOOOOOOODDOOODOOOOOOOO Neumann OO (n=4)
O00000000OPascual0 (25| 000000000000C0O0O0OO0
gboobooboboboobobooboboboobooboboooboobooboo
oooooooo4@0ooo0y0oob0oob0oOobOooboobobOooo
bOoOOoOOOOODODOOOOOOODOODODOOOOODbDObOODOO
5]

pO00000D0OCOO0OODOCOOOO0OOOOUOODOOOUOODOOOO
000000 4000000000000 0O0O0ODO0O0OO0O0O0O0OO
oboooboobooooboboooobobooooboooobo e
gboobooboboboobobooboboboooboboooboobooboo
gbooooboboboobobooboobooobooboboooboobooon
obobobobobobobooboooooooooobooooooboonog
gbooboboboboobobooboboboooboboooobooboo
0000000000000 000o0oo0ooooooouo (p, =100 700

12



gt ﬂ' gﬁﬁﬁﬁ;
Ao m %g%%

g%
ﬁ%ﬁ&ﬁﬁﬁ.

eee o o

e oo
o0 o000 ooo

03 000000000000000000 (¢=2000)0300 x 300; v = 1;
n=4;0=1;=1/3;b=1/10; =1/30000000000000000
00000000() 00000;(b)50x500000000

13



()

Px

Py

oo
IPYTILITIIL]
.uuuuuuuuuu
Ly
ceeeed

0.2 0.4 0.6 0.8 1

p

- mhn

0.2 0.4 0.6 0.8 n

LITXY

04 000000000000000p,00000000p,000000
00000000000000000000000(a)b=1/10;6=1/30(b)
B=1/3:6=1/30(c) B=1/3;b=1/100(d) B =1/3; b=1/10; § = 1/30
300x300;n=4;v=1a=100000000



(a) 1 AR A 0.1
0.8 0.08
]
0.6 1 0.06
Px } 3 Py
} H [}
o.af I ::i§'| I. 0.04 .'“ I||||||||"I
: I i
Ml
H
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
b b
0.7
(b)
06
0.5 px
0.4
03 H
0.2
0.1 py
o DAt e P P A PN P A
0 500 1000 1500 2000 2500 3000 3500 4000
time

05 0000000,00000000000 0000000000
00000000000000000000(:)00000(M 000000
0000300x300;v=0n=4a=1;6=1/3;0000000

15



", ?x o .:f% “‘!:; (32N
LX)

*.”:;...

06 0000000000000 ODOODO0O0OOOO0O0OOOOOOOOOO
000 7000300x300;v=1;n=4;a=1;5=0.05;b=1/10; 6 =1/30
ogoooooo

16



density

time

07 0000000000000000C0000000000000000
00000006000300x300;v=1;n=4;a=1;3=0.05b=1/10;
§=1/300000000

gbooooobgon

gbobol1oooboobooogobooobooboooooobooo-000a
gbgboobodboboobobobuoboobobooboooboabob
oobooobooooboo p,00000010000000000D000
uobooboooooooobooooon

| B . 2 _ .
~(—e P20, C1 (1 = oy2)" " qosa + nC2(1—e PAN1 = qo2)" 200/

(1= e Cnghy

k
"k n!
_ —BAt E Moo n—k _k

= (1=e)g0/0 ) n1Cro1(l = gose) D7 gp

k=1
n—1

= (1= g0/ > na1Chl(l = q0s0)" "},
k=0

= (1= ")q0/0 {(1 = q0/2) + qosa} "
= (1—eP2)qy,

00000000000 0000 100000000000 (1—¢,,)"00
00000000000 At0D000 1-eA000000000000
0000000000 00000001000000000 1—(1—qa)"

-1

17



00000000 At0DO0000000oooooooo100gggogo
0000000 1-e*A00000000AtO0000DD 1000000
gooooo

(L= e ) {1 = (1 —qup)"}
00000000000000000000b0000000000

O0000A+—000000000000000000000000 py
Up, 0000000000 000000000000O

dps n
% = Bq0/xpx — apy {1 = (1= dayy) }
(10)
dp n "
Po by (1= (1= 4"} — 50— 1)y

(10)0000 1/a0000

3
Il
Q
\.ﬂ
=
Il
\
[« 25
Il
Rl=

oboooooooo

dpw ~ n

? = BQO/zpm_py{1_<1_qm/y) }

dp n 5 "
T =t {1 (= aap)"} = 0= aepy)"py

00000000o00000ooO0o0 (lo)oooooUooooOoOoUooo
0(10)0000 «=1000000000000000000 (10)000
0Oa=100000000000000«(#1)00000000O00O00
gbobooobooooboobooooboboboboOobooboooboon
boooobdb0b0e=1000000000000

3.1 Uggoboboooon

Pascual 0 [25]0 2000000000-00000000O000O0OO0OO
000000000 oD (10)0o0ooo

oboooooboboooooboooobooboooonog

dditw = 5Pa:(1 — Pz — py) — Py {1 - (1- pw)n}
(11)

d
T = bp, {1 = (L= pa)"} = 3py(1 = pu)"

18



(a) (b)

0.03

0.02

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.3 0.4 0.5 0.6

Py (o )

0.06

Px

08 0000 (psypy) D0O0O0O0O(ab)00000O0O0COO0OO0DOOOO
00D0O0(c,d) 00000000000 (11)0 (ac) 8= 1/3; (b,d) 8 = 1/100
a=1;b=1/10; 6 = 1/3; n =40

goooo

00000Dooooao (pr,p,) 00000000

1/n
ST I I 1/n 2'7
(Prs Py) ( z ,1+A>

0000z=b/(b+6)0A=(1-2)/{8(1-2z/"}00000000000
0000000Durrett & Levin [() 00 00000000000000

00 172,<300000000000000000000r>300000
0000 b0 60000 00000000000 (Hopf bifurcation) O O
00000000000 00000

gogbooboooobboogn

(1—2) (224" —1) . nz
(1_21/77,)2 1—2zln

p> (12)

gboboboboboobooooooooooooooboobobobon
0000000000000 00ooOOooUoooOO 8(d)oo 9,00 C™

19



09 00000000000 (1)yoooooouoooooooooooo
oobO0oobooO0o [mooooooo mmoobooboooooooooooon
O0Mz=0b/(b+4).

gboooboboobo

O00O00O0OPascual O [25|0 200000000000-0000000
gboooooooooboobobobobobobobobobooooo
gboooboooboobooboobobooobooooooooboooon
gooobooooooon

000 00000000 p, 00000000 ppOO0OOCODOOOOCOO
0000000 p, 000000000 p000000000000O0000O
ooo0oO0O0o0oo0oooOoO0OO0 p0O00000O0OCCOOODOOOOOO0
0000000000000 000U 10(p)oo00ooooooooo
p, 000000000000 0O0O0O0O0O0O0O00C0O00O0O0O0O0O0O00 g0
00000000ooO0o0oooO0 lo(b)D0@moUooooUo pooOoOoUooO
obooboobOoboobooboooobooooboooooooooooooon
oboooobooooobooog ot

bOOO sOO0O0O0OO0OO0OO0OO0OOOOOOOOOOOOOOOOODDDOD
oobooooobooooobooobooooooboooooon 1, 120000
gbogboboobobooboobobooboboobobooong
gboobobooobobbooboobobooboboobobooona
gboooog 11t

20



Px Py

1..
0.8 0.25
0.6 0.2
(a) . 0.15 e
0.4 Legsieett
|||I. ......................................... 0.1 oot
0.2 0.05 G
il
0.2 0.4 0.6 0.8 1 0.2 0 0.6 0.8 1
B B
1.
0.8 0.25
AR 0.2 e
(b) 0.15 Leessiiieee
0.4 Tty
.................................................. 0.1 gott!
0.2 0.05 .
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
B B

010 00000000 (00000 (b)00000000 000000
00000000300x300; v=1;000000@00000000000
000 (11)0n=4; a=1; b=1/10; § = 1/30

21



Px Py

1
0.8 0.25
0. 0.2
(@) 0.15
0.
0.1
0. 0.05/
1
0.8 0.25
o 6l 0.2
(b) . 0.15
0.41 ",
: O TN
_____ . LgeeesssnnIIIIIIIIIIIIIINIOIIIINONN OIS
0.2 :
LITTYTTTYITTS 0.05
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
b b

0 11: 00000000 (a)00000 (bh)DODO0O0OO0O0Ob0O0O0O00O0
0000ooogOos00x300; v=1;,000000000000000000
000 (11)dn=4,a=1;=1/3;6 =1/30

0.6 T T T T T 0.35

05[ §

0.4

Px o3

0.2

time time

0 12:. 0000000 p, 00000000 p,J000000O0O0O0O0O0O
000300x300; »v=1; 0000000 0000O00O0O0OO0OO0O (11)0
n=4a=1;=1/3;b=0.5;§ =1/30

22



Px Py

0.8 0.25
(a) 0.6p, 0-2 '
20 seesesseseeenet
ihth o e 0.15 |:l|
T i
it e O- 1t NNy
e I I It I ......... LRI R E 43434335
0- 210 0. o5 ikl
it
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
S 8
1
0.8 0.25
0-6 -------- 0-2
) L
0.4 ettt
.......... 0.1}-....,
cosessssittocecsrnans sesss3sssssssssssisaisasess
0.2 0.05
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
8 S

013: 00000000 (00000 (b)00000000§000000
00000D000300x300;v=1;00000000000000000
000 (1)0n=4;a=1; =1/3; b=1/100

000 ODOOé00DDOOpOO0DDOODODOODODOOODOOONn
0000000 p,000060000000000000000000 py,
000000000 000000000 DO0O0O0ODDOO BOODOOO
000000 /000000000000 0OO0DOO0DODOODOOODnOOg
goooooooooooooooooooooooobooobonooon
ooboooooddp, 00000000O0p, DOOOO0OO0O0OO0O0OO0O0O0O
13(b)0I

vO00O00 O0000O0y00C000000000O0CO0000O00000O0
OO0 OOv=100000000000000000 00000000
oboooboooooboboooooboooobooooobooooboo
obooooooooobooboooooboooobooooobooooboo
gbooboobovbOooooboobooboooooboon

3.2 0OOOgOoood

Pascual 0 [25]0 2000000000000000000000000
000000000 220000000 p,,00000000000000x
00000000000000AtO0000000 (1-e A2/, 00000

23



014: 0000000000000 »00000000000000300x 300;
000000MO000000000000 (1)0n=4a=1;8=1/3;
b=1/10; § = 1/30

Oo00O0O0O000000000000000 AD0D0OOO0O0O0O0z0000
0000000000001 —e?)/n000000 20000000
000000 15(a)I 00000 0: 0000000000 20000000
U000 2z2z0000000000000000p, =po, D0OOOOOO
0000000000000 0000000000 220000000
OAtO0Q0OOODOOO

000000000000 200 00000000000 2000000«
000000000000000000000 20000 220000000
000000 15(b) 000200000 0x00 0000000000000
0-0000000000000r-100000000000000000
02000000(—1)g0,00000000 20000 At00000
0(1-e#3)/n0000000000000000000000 zz0 At

goooooood
1_e—ﬁAt

QT(” — 1)4z/02Pz0

gooooooooa

gobooobb0oU0 - 00000DO0O0DO00O0bO00O0ObDO0ObD yOOoo
gobobooboooboobuodbyb0oobboobboob 2000
bbbyl ;020000000 100000000 DO0ODO0ODOO
s 00dboobobobybbobbooboobooboobobboobboo
yOOOOOO0OO0O 102, 0200000000At000 xy0D000ODOO
gooo

(1= e 20 1O~ 4ay)" sy

gboboboooooboboboboboboby,b0b0ob0obobo

24



(a) (b)

%Q” (1—e-2y/, ‘
\A 1

O 15: At0000000 00000000 x000000 zz00000
()J000 000000000 (MUOOO0UDO0O0O0D 2000000
ooo

gobgooobgd

_ _ann 1 n—
(1 - aAt)(]- - Qx/y)n ! + (1 —e€ At)inflcl(l - qgc/y) 2quc/y

1
4+ (1 76704At)nn 1Cn 1q

x/y
n—1 1
= (1 e—aAt)Zk 1 1Ck( Qa:/y)n - kqlzc/y
k=0

_ (1 _ e—aAt)

1—qu)" Fgk
Ne/y 1 = ki(n — k)( /y) 1

[{(1 - qx/y) + qgc/y}n - (1 - qgc/y)n]

N4z /y

1
— 176704At717 1*%5 n
( o (- (= au)")
O00000D0O00AtO00000D0 2200000000 zy0OOOO
googd

—(1 — 704At nq ; {1 - Qw/y } (Tl - I)Qy/wwpxx
x/y

0000000000
0000000000000000000000 00’00 10000000
At00000r»-1000000000010000000000000
1-e¥A000000000000000 22000000 020000 oz
(60 €{y,0}) 0000000000000 ¢z00000002z00000
(€{y,0}) 0000000000000 000OOODOOOOONOO0 2z

25



ooooQoQoo0o0 At00Oooooooooooooooooo

2(n — 1)(1 - 67”At)(pry%c/yw + PIOQw/Ow)

OO000000000O000 AtOD0O0O000 zx.00000O0CQODOOO
O00000000At—-000000000000 2200000 p,, 00
obooooobooooboboooobooboobobboobooboooo
gbooooboooobobooooboooobobooboobooon
gbooooooooon

APy 23 1
= T 2 1—-— x/0xPx
T Pa0 T+ ﬁ( n)Q/opo
1

N4z /y

-2

+2(n — 1)V(pxqu/yx + prQx/Ow)

—2(n = D(praly/ce + Predo/zs) (13)
dp n—1 b n
dzt!y = =2(1 = quyyy)" Opyy + 2nqm/y {1 =~ (1= aupy) }pwy
1
2 1—(1-— " -1 x
#2 (1= (1= )"} (0= Dy
—2(n—1)1_b {1-(1=aup)"}a
/s z/y «/yyPyy
—|—2(n — 1)u(pquy/my + pyOQy/Oy)
—2(n — 1)V(Pyyqyc/yy + pyyCIo/yy) (14)
dpay L
ey 1—-(1- Ry
7t Ny { ( qgc/y) }p y
_ 1 {1 = (1= quyy)"} (n = 1)y 2y Py
"z /y (
+é(n = 1)z /0ypyo + ! {1 = (1= ap)"} (0 = Dy /awp
n ury N4z /y Y Y
_(n_1)1_b {1— (1= qu/)"} Paya
NGz /y o/l d Pl e
—|—(7’l — 1)1/(pyoqz/oy + pyyqz/yy + prqy/Oz + szQy/ww)
—(n - 1)V(pquy/$y + Pay90/zy + PoyQe/yo T prqu/yO) (15)
dp:vO 1 B
dt 4y /y 1= (=G} (0= Digeonen =

B B
+ﬁ(” = 1)qz/00P00 — E(n — 1)Gz /02 P20

26



dpyO
dt

dpoo

1-0

+(n - 1) {1 - (1 - Q$/y)n} Pzylz/yx

—|—(7’l - 1)V(pOOQQ:/OO + Py0qz/y0 + Pzzq0/zx + pnyO/ym)

_(n - 1)V(szQy/mO + Pz040/x0 + Pz09y/0x + szQz/OI)

- B
_(1 - Qac/yo)n 16py0 - E(n - 1)Qz/0ypy0
1
"z /y
1-9b

"z /y

_|_

{1 - (1 - ql’/y)n} (n - 1)Qy/w0pw0

+ {1 - (1 - Qz/y)n} Pay + (1 - Qw/yy)nilapyy

1-0
NGz/y
1-0

Nqz/y

+(n—-1)

{1 -(1- qx/y)”} Az /yyPyy

—(n—1) {1 -(1- %/y)n} Gz /y0Py0

—|—(7’l - 1)V(p$yQO/a:y + Pyy40/yy + Pz0qy/x0 + pOqu/OO)
_(n - 1)V(py0q:c/y0 + Py090/y0 T Py0qz/0y T pyOQy/Oy)

p _
_QE(” — 1)qz/00p00 4+ 2(1 = gz /y0)" 16py0
1-0

Nz /y

+2(n - 1) {1 - (1 - QI/y)n} dz /y0Py0

+2(n — 1)V(pm0q0/w0 + PyOqo/yO)

—2(n — 1)v(po0gs /00 + P00y 00)

(16)

(17)

(18)

0000(10)0 (13-18)000000000000000000 ¢y/010r (0,
o, 0" €{z,y,0)00000000000000000000000000

go

Qo/o'c" = Qo /o’ (Ua 0/70,/ € {11772/7 O})

gboooobooobooboboooboobooooboobooobooboooon
0000000000 00U0o0ooOooUuooo (10)0 (4-18)oooooo
obooooboooobobooooboooobobooboboooon
ooooooooooo

dpa
dt

dpy
dt

dpye
dt

ﬁpwo—py{l—(l—’”y) }
Py

Pzy " Pzy "
W
Yy py py Yy

2 1 2
ﬁpz0+25(l)pm0
n n) 1—pz—py

27

(19)

(20)



dpyy
dt

dpay
dt

dpr
dt

D g
n Py Pz
Pa p? p
+2(n — 1)v {” +—20 T (p,, + pxo)} (21)

Py 1= pz—py Pz
P n—1 b P n
-2 1—”) dp +2{1—(1—”) }p
1 T " X
I
n Py Pz
2(1 b)(l 1){1 (1 p“’)n}
—2(1 - - - —(1-— P
n py vy

3 P p
+2(n— 1y 2+ —L—— — W (p. + pyo 22
G Il sl GRS ) (22)

(o)) a0

18 (1 _ 1) Pz0Py0
n) 1—pz—py

(65
ot (- )

2 x rxr
+(n—1)u{py0p C 4 pay (py”+p>}
1—pz—py Py Pz

- 1)u{p;y (o p10) + 22 01 + pyo>} (23)

7 :
1 xT " X
(D) (-2) )5
n Py Pz n
1 = 1 2
43 (1_> Px0P00 —ﬁ(1—> )
n) 1—ps—py n)1—ps—py

e

+(TL _ 1)1/ < P0o0Px0 + PxxzPx0 4 2p:cypy0)
1= Pz — Py Px Py

Pz0 Pz0
x x Yy

n—1
€T 1 €T
_ (1 _ py> Spyo — (1 _ ) Pz0Py0
Py n) 1—pz—py

By e
n Py Pz

28



) S
+(1—b)<1—71l>{ ( pmy)}pyy_pyo)

217 xT
Hnl)y{wﬂyo (Pw+ﬂoo)}
Pa Py l—ps—py

=00 {22y 4 ) + ()| (29

y 1= pz—py
dpoo 1 Pz0P00 pay "
£ = —25(1—>“+2(1—“’> 5pyo
dt n) 1—pz—py Py Y
1 Py \
o (i) (1),
(a-b(1-- =) e
P Py Poo
+2(n— D =0 + 22— — 2 (py + pyo) (26)
{pz Py L= pa—py Y

0000 (1926) 0000000000000 0O0OOO0OOO

Poo’
Po’

do/o’ =

gobogoboon

dQU/o’ _ 1 dpoo _ 4o /o’ dpo:
dt Po’ dt Po’ dt

000oo(19-260)0 0000000000000 O00O0OOO0OOOO0OOO

dpa n
—i = Baojepe —py {1 = (1= dap)"} (27)
dp n n
dity = bpy {1 - (1 - qgc/y) } - 5(1 - qgc/y) Py (28)
dqm/m 203 1
o o 22 28 (1- =
dt n q0/z + 6 ( TL) q0/xz9x/0
1 P
—2(1-— 1_1_T1n7y"cz
( n){ (1= dayy) }pwq/
+2(n - l)V {Qw/yqy/:p + qo/z9x/0 — Qw/x(Qy/w + QO/w)}
p
Pa
dQO/x 1 Pr ﬁ
dt = - (1 - n> {1 - (1 - qm/y)n} piQO/x - qu/x

+03 (1 - 1) qo/x90/0 — B <1 - 1) q0/29x /0

29



dqz /0
dt

dqo /0
dt

A4z /y
dt

—(’I’L - 1)1/ {QO/I(Qy/x + QO/x) + QO/m(QI/O + Qy/O)}

—qo/z |:ﬁq0/x - {1 - (1 - Qz/y)n} ZZ:| (30)

1 Py B
S (O T L s

1 1
1-— —-B(1-=)¢
+6 ( n) 4z/0490/0 — ( n) 9z/0

+(1 - b) (1 - ;) {1 - (1 - qz/y)n} (1 _1qi/;x__q“;)/;)px

—(’I’L - 1)1/ {QI/O(Qy/z + qO/z) + QI/O(q(E/O + Qy/O)}

+
l_pw_py 1_pa:_py

5%/0 -

XAz /0 (31)
1 n—1
—20 (11— ) 4=/090/0 + 2(1 = ¢ayy)" " 0(1 = dzj0 = d0/0)
1 n
+2(1-b) (1 - n) {1 = (1= qap)"} (1 = gujo — 9000)
+2(n—1)v {qO/qu/o + qo/yy/0 — 90/0(qz/0 + Qy/o)}

Bdzpo — (1 —b){1 il 71018 TP Gl A

+
L= pe—py L= pa—py

Xqo /0 (32)
1= (- )"}

- (1 - i) {1- (=)} (1= quye — q0/2)

+6 (1 - i) 4zj0d0/y + <1 - ;) {1-(0—q)"} daya
—(1-1b) (1 - i) {1 = (1= /)" } uyy

+(n - 1)” {2QO/yQI/O + Qz/y(Qy/y + qgc/x)}
7(” - 1)1/ {q$/y(Qy/L + QO/Q:) + qgu/y(qgv/y + QO/y)}

- [b{l - (1 - QI/y)n} - 5(1 - qg:/y)n} 9z /y (33)

30



qu/ n— 1
dty = 7(1 - qgc/y) 15‘]0/3; - B (1 - n> q2/090/y
1
1-0

= {1 = (U= gapy)"} + (1= 0ayy)" 7101 = Gayy = dos3)
+(1-10) (1 - i) {1 = (0= quyy)"} (1 = quyy — 2q0/)

+(n = 1) {262 4902 + G0/y(@yy + q00) }

—(n = 1)v {q0/y(qayy + q0/y) + 907y (@ajo + ay/0)}

= [o{1 = (1= )"} = 01 = aapy)"] a0y (34)

ooooon

0000000 (1926)000000000000000O00OO0O0OOO
gbooooooboboooob lemboobob »000obooooon
oobo0Ooooboooooboooooboooobobv=00000000000
gooboobooboooobooooooooodov>00000000v=0
00000000000000 (2126)00000000000O0O0O0OO0
gbooooogooboo

goboboobooboobooboobon

gbooooboooobooboooobooooboobooobooobon
oboooobooobooobooobooboooboobooboooooooobooon
obooooboooobooboooobobo 12300

000 0O0O0O0DOOO0OCOp,00000000O0DODOOCOCOOOBO
oobo00o0oooooOo0o0o0oooon p, 00000000000 000
ooooooodoooooooooooooooo pooobooooo
0000000000000 000000000 IMa)OooOoooooo
gboooobooobooboboooobooooboboooboobooon
ooooooooooOoOoooo "moOo pooobobooOooooOooo
gboooooboobooobooboooooboboobooog

bO0OO OO00O0DOOOOOOOO0OOoOoOoODOOOOOOODOOO
obobOoboboobooboobooboooD 1 soboobv=000000
oooooooooooobos0O0DOOO0DODOOODOOOOD 19O OoO
gooooooosbbooboboobobooooooboobooobbooboobooo

31



v=0 v=0.1 v=02

2
1.5 1.5 1.5
. I 1l . . .
I
0.5 0.5 0.5
1l
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
v=03 v=04 v=05
2
1.5 1.5 1.5
: 1 : I 1 I
0.5 0.5 0.5
! My "/
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
v=0.6 v=0.7 v=0.8
2
1.5 1.5 1.5
1 l 1 l 1 I
0.5 0.5 0.5
1 I
W i
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
v=09 v=1.0 v=20
2
1.5 1.5 1.5
1 l 1 l 1 l
0.5 0.5 0.5
1
1l 1l
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8

016 D00dodooobooboooobooooouoobooboooooad
000000000 00000000 II00000n=4,a=1;6=1/30
2 =b/(b+6)0

32



Px Py

0.8 0.25

0.2

vees
0.4 A XY YT T PR PP

'....... csesesece sesesse 0.1

0.05 o

0.8 0.25

0.2

o
i

.
. .
0.15 sateeett
Seecssaces ssteeet
#eeeseccesecesscsesacesscccsssessnse se

Ft
"".. 0.1 ot

017: 000D000000000000 p, 00000000 p,0 400
000000000000300x300; 000000MO000000000
(19260 0000000000000 A)0v=1;n=4;a=1;b=1/10;
§=1/30

33



018 00D0000000000000 p, 00000000 p, 05600
0000D0D0000000300x300; 000000MO000000000
(1926000 0000000000000 A)dv=1;n=4a=1;8=1/3;
§=1/30

gboobOoooooboooobooooboobooboooooboooono
obooooOoooobooooboooobooooboooooboooonoo
oboooooobooooboobooooobooooboooobooboobooono
ooooogo 200

6000 0O0O00DOéODODOO0OODODOOpOODODOOOODOOOOOO
goooooooOooés000O00O00000000000000000O
gboooOoooobooooboooobooboobooooooboooono
0000000000000 U ODUOOOO 21000
obooobooooooboooboobboobooonoooooooon py
oooooooOooooébbObOOOOO0DODOOOODODOUOODO
gooooooo 220d

vo0 OO0O0OobOOobOocooOoobooboobOovbOObOOOOODbOO0
boooooobobooboob 23moooobooobooooooono
oboocob»0000000000CO0DOO0O0O0OO0ODbOOO0ObO0O0O0OO
oboobooobovbOO0oOobOobooobooobooooboboobooonoo

34



Pax Py

T
0.8 0.25
) 0.2
0.67 ¢
0.15
0.4
..... 0.1
0.2 °.....:: ..... 0.05
0.2 0.4 0.6 0.8 1
O
0.8 0.25
0. 0.2
0.15
0.
0.1
0. 0.05

019: 000000000000000 p, 00000000 p, 0600
000000000000300x300; 0000000MO000000000
(1926)00000000000000 (1)0v=0n=4a=1;8=1/3;
§=1/30

35



Px Py

1
0.8 0.25
0.2
0.6f
e
o 0.15
.
0.4} +-.
“e e 0.1
"'."“ x.,...uuulll88:666....6......-.--....-..-..u.
0.2 L 0.05 :
N ""uullll:l:l .
$ss332sss
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
b b
1
0.8 0.25
. 0.2
0.6
.
*. 0.15
.
0.4t ", ‘..
.
‘e "'0' 0 - 1 990000000000 0000000000000000000000000000
-.."'::‘“ LI LT P P PR PP P P PP PPN
e .
0.2 u....o......uuuuuu-u.. 0.05
s
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1

02:000000000000000 p,00000000 p, 00000
0,00000000000000300x300; 000000000000
0000 (1926000000000000000 (1)0v=1;n=4;a=1;
B=1/3;6=1/30

36



Pax Py

1
0.8 0.25
o.6r 0.2
'"',,.......---::: ............. 0.15
0.4F et et :
............ 0.1f,.
0 ol e :l sessssssnnnansnnnessastanansans
. .Il. 0.05
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
) )
1
0.8 0.25
0.2
0.6, PP ,
i, e 0.15/['h,
0.4pliy I | ; i
D B TR 0.1 [
0.2 :‘:'.' ' h"' s i l“l|'"uulluu:::::8:::::::::::::::::::
al; 0.05 ”, .
i 'i .
- 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
) 3

021: 000000000000000 p, 00000000 p, 04600
0000D0D0000000300x300; 000000MO000000000
(1926000 0000000000000 A)dv=1n=4a=1;8=1/3;
b=1/100

37



Px Py

0.8 0.25
0.2

cesesseese
cese 0.15

.
ceseee
cooe
eooe
.o

.
oo covoce
.o soves
.o ceee
. coee

0.4 o

oo’
0t e 0.1

vou,
e ....8!0!--o-u-uuuuu|||ll:l:888888::8::::::::::3:::
0.05

0.8 0.25
0.2

sescencce
0.15
.o *
..
0.4
0.1}

o eeee RETIITIN
e cessesll ceceeeessssszassssasssssiiisiiies
o 0.05
. .

cossesse®

02:000000000000000p,00000000p,00000
0s00000000000000300x300; 000000000000
0000 (19-260)00000000000000 (1)0v=1Ln=4;a=1;
B=1/3;b=1/100

38



Px Py

1 0.2
0-8 0.15
0.6
......................... 0.1
0L A ™t e B PO L R L L
0.2 0-05
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
Vv v
1 0.2
0-8 0.15
0.6
........................ 0.1
0.4 Pttt L L L LLLELLLLLLLY
0.2 0.05
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
v v

023 000000000000000 p, 00000000 p,0v00
000000000000300x300; 0000000M000000000
(192610000000000000 (1)On=4;a=1; 8=1/3;b=1/10;
§=1/30

ooooooooboooooooob»y0bOO0ODOOOODOODOODO
vbOoobooooboboobooooobooboobooooboonbo
b 2ooooboobooooobooboobooooboobooon
gboboobOooboobobooobooboobooobooboooboooono
obooooOoooboobobooobooboobooooobooobooooono
oood

3.3 Pascuall (2002)0000000000000O0

Pascual 0 [25|00v =10000000000000000000 (1) O
gboboobonOO00OO0O0DOO0OO0ODOOOOOOOOOOOOOODOOODOO
oboooooobobooooobobooooooobooboon v, 000
obooooooboobOoboooboobooboooooboooobooobooboono
oood

dpa
T = el pe = py) = py (L= (L= pu) ™)
T = b, {1 (1= pa) ™} = 3py (1= pu)m

39



024:000000000000000000 (¢=2000000000000
00000000300 x300; n=4;a=1;3=1/3;b=1/10;6=1/300
000000 (a) v=0; (b) v=10

0o000(l—-p,)~00000000D000O0O00ODOOODOOOOOO0O
gboooooo

Pascual 0 [25|0 0000000000000 0OO0OO0OO0OOOOOOO
gbobooboobooboboobobobodbodiDlnon-prey 00O
gooob pO0O0OO0ODO0O0OO0O0ODOOOD BODOOOODOOODOODO
0000 (interior perimeter) 0000000000000 0O0DOOOOO
0000000000000 Pascuald [25] 0000000000700 x 700
00000000000000000000000000 BOO 23%000
0000000000000 0D0O0OOnon-prey 0000000 BOODODO
0000000000000 0D00000 b;000non-prey0 00000
obOoboooooooboboobon

F=-1 (36)

00000000000 BOOOOOOOOO0OOO00000000000
0000000000 BOOOODOOOOOOO0O0O0000000 FO
0000000000 DOPascual 0 [25)0000000000000000
0000 (1-p,)~0000000000000000000

F~ (1 - pac)%n (37)

oooooboooooDy, 0000000D0C00000O0MO0DO0ODO
gboobOooobooooooon

40



0.8 T T T T
0.7 -
0.6 4
0.5

M‘\AWM{'\/\/‘\M_’\I\A—A/\ JOSSONI o W, NP

Px o4
0.3 1 UWV\A/V\N\M/\NWW\M/V"WM'
0.2
0.1

0 200 400 600 800 1000
0.2 ‘ T T T T
\
0.15 |- i
Py o1t B ]
0.05 f} U U “ g
O 1 1 1 1
0 200 400 600 800 1000
Time

02:0000000p00000000p, 0000000000000
000300 x 3000000000000 (1HYooo~, 00000000
B5)0v=1Ln=4a=1;=1/3;b=1/10; 6 =1/30

D0000000DD00000000(36)0(37)0(38) 0004, 0000
gooooood
_ Inbp/b* Inby
’ymwln(l—p;;) " Inbr
ooogob,b, p, 000000 ODOOOOODOOOODOOOOODOOO
00000 by, b pt00000Pascual O 25|00, 0000000 2.75
dobbboooooooboboooooobobOb0boooooooobooa
Jdooooooooo 2, 26000000000000O0O0O0O0OOOOO
dooboboodoooooobooodooobobOb0ooooooooobooa
gbobobobobboboboobu p,0b0ODbOUO0ODbLObDUODbDObDOO
0o0do0o0dooooooDooooDoooOoooooooo pobsOnOO
oooooooooo p, 0000000000000 »vO00000000
goooooooad
Pascual 0 250000000 BOOOOOOODOOOODOOODOOOOO
0000000000000 00000O0O0O0D0DO0D0DOD0DDOOPascual
0[25|00000000000000000000O0000O0O0OO0O0
000000 oooooond

-1

41



Px Py

.
s se38383se oo

. cesesis seseseiie e

.

i, 0.1 ......""""..,,,..........................

e

0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1

0 .
YYLLLA 0.1 *eeee
coo® . certtrennn,.,

oo ALLTTTN
coe
coees LT TP TINN
et eettnttecanannnntttttoeenee

.
. .o
. ®00ccccccscscscnnns

0.6(".

cesesescesee

* wesesssesssesessscssscscsosesseise

ceseveeee®
.

.o

.

0.2 0.05}

02: 000000000000000 p,00000000p, 00000
000000000000000300%300;v=1;000000000y,
00000000000 35)0a=1;8=1/3;b=1/10;§ = 1/30

42



gooooooooooooé0ODOOODOOOOOOOOOOOOOOOO
obooobooboboboobooboobobooboobooboooobooo
interior perimeter 0D 0000000000000 DO0OO0ODOOOO0OO
gboboooboobobobooboobooooboobooooooboooon
obooboooboooboobooooooobooboooobooooooon BO
oboobooooooboobobooooobooooboobobooooboo
O00O00OPascual 0 25|00 000000000000 O0OO0OPascual
O [25000000000000Onon-prey0 0000000000000
ob0orFO000000DOO0O00OO0O0O0O0O0O0O0DOO000000 non-prey O
gbooooobooooboboooobooooboboobooboooo
gbooboobooooboboooobooooboooobooboooon
obooooboooooooboooog

4 DOO0OO0OO0O0OO0OOUOObOoOboOd

4.1 Pascuall (2002) 0000000000000 OOO

000 (36)00000b0 b, 0000000000000O0UOUOOOOO
o0o00s0000000ODOOOODOOOODOOOODO

b=po+py (39)

0000000000000, 0000000000O0ODOOO0O0O00O0O00
goobo0oo0ooooooooobooooooooboooooooooono
gooooo
br = po(1 = qz/0)" + py(1 = qzyy)" (40)
Pascual O [25]DDDDDDDDDDDDDDDDDDD BOOOOOO
gdoobo0oo0ooooooooooooooooooooooooooon
godoooodootoooobooobooooouooobooobooooo
go0oooooooooooooobooooooooooooooooon
oooo
Qe /0 2 Qu/y (41)
goobo0oooo0oobooboooo 2000000000000 00000
gooooooooooooooo 27D]DDDDDDDDDD(36)D(39)D
(10)0 0O
F=n(-g)" (12)
DDDDDDDDDP&SGU&]D[25]|:|[|D|:||:](37)DDDDDDDDDDDD
ooooooooo 000000000 v, 0000000O0O0OOO0O
(4)000000000@37)0 (42)000

(1= gopy)" = (1 = pa)™m (43)

43



(©) (d)

027 000000000000000 ¢,,0000 ¢,,,00000000
gbobdobooooboobooboobgbobobosox300, 00000
O0@((a)v=1b=1/10;06=1/30(b)v=1,8=1/3; 6 =1/30(c) v = 1;
B=1/3;b=1/100(d) B=1/3;b=1/10; 6 = 1/30 o = 100

00000000000000000000000000 ¢,,000000
00000p,000000000000000 0 +~,000000000
0000000000000000000000000000000000
00000000000000000000000 p, 000000000
0000000000000000000000000000000000
000000000000000000000000000000
000000¢,,0¢,000000000000000000000
0-000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000 (v=0)00000000000
000000000¢,,0 ¢,00000000000000000000
000000000000000000000000 28(d)00Mm
0000000000000000000000000000 v0000

44



(@

(©

.....

..........

.
..............
................
.o
.
.
o
.
.

(b)

(d)

"." qx/y
Gx/0 e
0.2 0.4 0.6 0.8 1
b
qx/ty
ISt H L R R T T LT LT PP PP PP PP
9x/0
0.2 0.4 0.6 0.8 1
v

028 000000000000000 ¢,,0000 ¢,,,00000000
goobbooobbuooobbbououobbbooboasoo x300;, 0bbood
OM(a)v=0;b=1/10; 6 =1/30(b) v =0; 8 =1/3; 6 =1/30 (c) v = 0;
B=1/3;b=1/100(d) B =1/3;b=1/10; 6 = 1/30 a = 10

45



0006, 0 ¢, 00000000000000000000 28(d)000
000000000000 0000000000000000000000
000000000000 0000000000000000000000
0000000000000000000000000000000000
00000000000000000000000000000000C0 B
000000000000 0000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
00000000000000000000Pascual0 [25)00000000
Pascual 0 [25]0 000 (41)000000000000000000000
000000000000000000000000000000v=10
0000000000000000000 (41)0000000000000
0000000000000000000000000000000000

0000OPascual 0 25| 000000000000000000000
0000000000000000000000000000000000
00 +,0000000@43)000000000000000000000
000000000000 0000000000000000000000
D000 ¢, 00000000000 0300000000000 (43)00

oo0oOono 00
ln(l—q;/y)

- 44
T = ) “
0+,00000000000000000000000
dpy
o =Bl =pa—py) = py {1 = (1= ps)}
d (45)
P
i ey L= (L= pe)} = dpy (1= o)

000 (39)0 (40)000¢,;y 0 ¢, 00000000007, 0 400
000000000000002r000000000000v=10000
4:/y0 ¢,,000000000000000000000000000000
00000 y,.0 000v<10000000v=1000000000
00000000 290000000000000000000 ¢4/00 dayy
0000 (43)0000000000000000000000000000
00000Pascual 0 [25]000 v, 00000000000 (350000
000000¢,0 ¢/, 00000000000+,0000000000
00000 (43) 00000000 (37)0000000000000000
oooO

00000000000 45 0000000000000000 5,00

P =1— 27 (46)

46



02:00000000000000 4,009 00000000000
00000~ 000000000000000000000000000
00300 x300; 00000000 (a) v=1;b=1/10; 6 = 1/30 (b) v = 1;
B=1/3;6=1/30(c)v=1;8=1/3;b=1/100(d) 8 =1/3; b = 1/10;
§=1/30a =10

47



000000002=0/(b+46)00000000 (10)000000 ¢, 0
ooooodg,, 00
Tupy =1— 21" (47)

D000000000000000000000 ¢,04,,000000
000D000(44)0 (46)0(47)000p,0 p2 0000000000000
D00000000000000000000000 ¢,,07,,0000
00000003000000000000000000000000000
0000000000000000000000000000000000
000004 00000000000 45)000000000000000
00000000000000000000000 3100000000036
0000 »00000000000000000000b00000~,00
000000 (45 0000000000000000000
000+,00000000000 (35)000000000000000
0oooo

,59: — 1 _ 21/7771
00O (:=b/(b+6)000000

Inz

T (=) o

000000000000 0000M48) 0 p, 000000000 DO0OODO
0000000000000 00O0000 p;00000

Inz

Ye = m (49)

000000+ 00000000000 (49 00000000000O00OD0
gboooobooooboboooooboooobobooobooboooon
oboboooocooobooboboooooonogonD 20000000y,
O-~00000vy000000DO00DO00DO00DO0O0DO0O0DOO0DOvOODO0OO
oooboooooooooy, 000b0b0o3b0bonoooonog 1o
000d0~, 00000000000 (3s0000)00000OOOUOOOO
oboooobobooOynO0y, 0000 0000000O00OO
00000000000 (450004, 00000000000 (35)0
gboobooobooobooboobooboooboobooobdynooo
00000000 4500000000000 oo0oooooOy, 000
ooooobooooboodr0OOO0O0O0ooboooobooobbooooo
2»Oulooooooooooooooooooboooooboooooo

48



©

0 30: 4./, 0 ¢;,, 0000000000¢;,000000000300 x 300;
000000@Mv=1;a=1;3=1/3;b=1/10; § = 1/30

49



Px Py

(@ 7 0.4
0.8
0.3
0.6
. 0.2 e
0.4 el JRTTT Lot
0.1 ..=:=:::: ......
0.2 .lll!!!=”
0.2 0.4 0.6 0.8 1 02 02 o6 o8 1
g B
®) 1 0.4
0.8
0.3
0.6
0.2
0.4
0.2 ..:::::::::::iill !
'IIIIIII||||"""|""|
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
b b
(C) 1 0.4
0.8
0.3
0.6 .
IR SPRPRIOTLS 0.2
0.4 EETIIIORTRTIL
0.2] 0.1 Urertertaraszesteranassnenanasssensannssensees
K
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
) 8
(d) 1 0.4
0.8 0.3
0.6
........................... 0.2
0.4 feeerttoesrnnctenntnunirencennnremnremnnnnnnnn
0.2 0-1 e
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
\Y v

03 000000000000add p, 00000000 p, 00000
Uibobdoobooboogsoox300; b00buobmbodyn00ng
0000000 45)0(a) b=1/10;6=1/3; v =10(b) f=1/3; § = 1/3;
v=10() 8 =1/3; b=1/10; v =10(d) 8 =1/3; b = 1/10; § = 1/30
a =10

50



4.2 0OO00O00O0OO0OOOOOOOO

goodooboboooooooobobbooooooobobbooooooo
ogoodd
n(1 = qz/y)
000000000000 (10)00D000Uo0oUo0oUoOo 4z, 0000
4, 4 00000000000000

v =n(l— qw/y) — paw (50)

000D0000000000000 (z=5/(b+6))0Pascual O [25] 000
0000000000000000000000000 (1-4.,)"000
00 p, 0000 (1—p,)O000000000000000000000
¢, 00000000000p,000000000000000 20 yx0
0000000000000000000000000000000000
000000000000000000000000000000000

dpa

P = Bpa(l— pe — py) = py {1 — (1= pa) ™}

jt 51)
Lo = bp {1 = (L= pu) ™} = dpy (1= po)™

Pascual 0 [25]0 7, 0000000000000000000 a0 = dayy
000000000000 0000000000000000000000
0000000000000 00000000000000000 Pascual
0 [25000+,0000000000000000000+, 000000
00000000000 +4,000000000000000000000
000000000000 0000000000000000000000
000~ 00000000000000000000000000000

goooon

goboobooaobooabooad

L1/ N
R e e )
go0oooooooooooooooobooooooo
(1—2) (2217 —1) YNz
(1 le/“m)2 1—zl/w

8>

(52)

gboboooboobobobooobooooboooobooboooobooooo
000(G2)00000000000000000000000O00O0O0O
gboboo320000000000000000000O00O0O0OO00OOAO
oboooooobooooooooo

o1



032 00000000000000000000000I0000000
00000 (11)0000000000000 (51)000000000 10
0000000000000000D00000 MO0000000000
0 (11)0000000000000000 (51)00000z = b/(b+6)0
B.=n(n—3)/2=20z—10000

oboboobobobobobobobobo

00000 330 OJ0DO0OO0O0O0 p,00DDODOO pO0OOO0ODOO
0o0b000oo0oob0ob0o0oob0obooooboobooogDe, 00
OoogpgO0O0O0OoOoOoODOOOODODOOOOCOCCOODOOOOODOODOOO
000000000000000000 Pascual0 25000 v, 0000
gbbooboboboboobobooobouobooboboooboonooibg pg
Os0O000000O0O0OO00DOOOO0OOOOO0O0ODOOOUODOOOObODOOO
ooooOooooOooOooo poOb0O00ODOOO0OO0ODDOOO0ODOOODDOO
oboooooooboobooooy, 00000000000000O0000A0
go0C0000000O000000O0O00O00G0 p,0000000000
gbbooboooboobooboobooobooooboooon p., 0000
gbobooboooooboboo y,000b00b0ob00o0boobobon
obooon

bOODOODO 340 PascualO [25|000 v, 000000000 0OOOOO
o0sp000O0O00ODOO0ODOOO0OOOOOU0DOOOOODOOODOOOObODOO
oboobobobobOobobOoboboobooboobooboooooooon
ooooooosbOOOODOOODOODOOOOIDDOOOODOO
gbobobooooooobooboboboboooobooboobobon

92



Px Py

l [
0.2 o
@ e
0.8l e e
0.15f e e
0.6
. 0.1
O . 4 eeess388000000000sec000s000000000 0088008888888 088
0.2 0.0sf
0"
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
) B B
0.8 0.25
0.6 0-2
0.15 Leesstiieen
0. allllig:eeseeeeerere e RTTIEE
"l" 0.1 !
0.2
0. 05“!"".1.
0.2 0.4 0.6 0.8 1 - 0.2 0.4 0.6 0.8 1
» B B
(©)
0.8 0.25
0.6 0.2 TN
. 0.15 '“::::: .......
0.4 | "':::: ....
10 0.1 'm,g::..
0.2 o
0.05 oo
|""'
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
B p
(d) Lee- 0.2 e
0.8 e e
0.15f e e
0.6
. 0.1
0.4] eeiiisasssceccccen eeseesssssssessssssssssssees
0.2 0-050
'Q
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
p B

033:000000000000000 p, 00000000 p,0 40000
0000000000300x300; 000000M(x)00000000000
0 (51)0(b) 00000000000 (11)0(c)0000000 (19-26)0(d)ym
00000000000 (35)0v=Ln=4a=1;b=1/10;6=1/30

53



goboboooooobooooy, 00000000000000000DOO
oboooooooobobooy, £300000000000O00O0O0OO
oobooob1000bobooooooboboooooobooooo
ooosy0oooODOOy,,000000DO0O000O0O0ODOODOOOOOO
oboooobooooobobooooboboooboobooboobooon
oooooo p, 000000, 0000000000O0O0O0O0O0O00O0O0
gboooobooooboboooobooooboboooboOoboooon
gbooooboooooo

60000030 000000Pascual 0 [25]000 v, DO0DOOOO
obooooobooooboboooobooboobobooooboooo
gbooooboooobobooooboooobobooboobooon
ooop,000000000000000000000O0O00000000
oboooooobooooboboooobooooboboooobooboooon
0o0ooo0ooooooooooooooooOoOoosbooooooooo
Oo0ooooooooooooooOoOoOooOoOoOoooooooooono s
gooOooOoOoOoOoOO0OOOU00ODUDUOUDUODUOOUOOOOO dsOoOoOoOg
goooogoo

v0o00o0g 360 DOoOO0OO00O00000000ob0oooobobOonba
obooboooboobyv0obOOoOobOOobOobOOo0obOOobobobOooboooon
obovO000O0000O0O0ObOO0bO0ob00OO0O00obOOobOO0bObO0ob0Ovon
oboooooboooobobboooobooooobobboobooboooo
gbooboobooboobooooboooobooooobooyoon
oboboobobobobobooboboobO0ov=10000000000
00000000 Pascual O [25]000 v, 000000000 0OOOOO
gbobooobod p,0bb00oobooobiby, 000b000bo0ooooon
v=00000000000000,, 0000000O00O0DO0O00O0O vO
oboooobooooboobooooboboooboobooboobooon
Op, 0000000000000 00O0O0O0COOO0O0O0O0OOOO00
gbobooboobovyO0ob0b0O0obOobO0oobOobOoboboobobooon
gbobooooooooobooboboboyoboboboooooooo
obooooboooood

5 U0

Pascual 0 [25|0 0000000000000 4, 000O00O00O0OOOO
0ooooooobboooo0oooooobboooooOonOOdg,
Og,,,00000ooooooooooooooooooonoonooon

54



b
@ *

0.8
0.15
0.6
T S
0.4 s B i
t ¢
ey 0.05
0.2 "!luuuuuuuuuu..,."""
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
b b

034:000000000000000,,00000000,p,0b0000
0000000000300x300; 000000 (x)00000000000
0 (510(b) 00000000000 (11)0(c) 0000000 (19-26)3(d)Ym
00000000000 (35)0v=Ln=4a=1;3=1/3;6=1/30

95



Px Py

(a) 1 0.2
0.8
0.15
0.6
0.1
. Boozznnnnessssennnnn,
0.4 % .0 | B LYY TYNUNN .
0.2 !'. 0.05/]
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
4 )
b
0.8 0.25
0.6 0. isessssssseee 0.2
e 15
L L] [ TR O 0.15 4%
0.4 .|'8. ...................... lu;'
ity geeeeett 0.1 '!"
o2kl =| .,,l| |- sennrtesssssssanessansssnnens
240
J::t. . 0.05 ”, .
N 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
S S
(© *
0.8 0.25
0.6 0.2
0.4 ”” .................
0.2}, s
i
'
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
3 8
(d) 1 0.2
0.8
0.15
0.6
.“"",.nnannnnnnnln o 1.: """""""
0.4 [T el T TS TNV
T
.
0.2 0.05
.
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
3 3

03:000000000000000 p, 00000000 p,060000
0000000000300x300; 000000 (0000000000
00 (51)0(b) 00000000000 (1)0()0000000 (19-26)0
(v, OODOODOOODDOOOO 35)0n=4a=1;5=1/3;b=1/100

o6



Px Py

1 0.2
(a)
0.8 0.15
0.6
.................. 0.1
0. alreereeme I s s e s
- 0.05
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
v \%
(b) 1 0.2
0.8 0.15
0.6
....................... 0.1
o4 T T T T T T T ITeY
- 0.05
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
v v
1 0.2
(©)
0.8 0 15
0.6
........................ 0.1
0 e oo ettt I s
0.2 003
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
v v
(d) 1 0.2
0.8
0.15
0.6["...
,..--...:!::::muu-- ........... L RN
0.4 ROttt
0.2 0.05
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
\Y v

036:000000000000000p, 00000000 p,0v0000
0000000000300x300; 000000M(x)00000000000
0 (510(b) 00000000000 (11)0(c)0000000 (19-26)3(d)ym
00000000000 (35)0n=4;a=1;8=1/3;b=1/10; 6 =1/30

o7



000000000000 000000000000¢,00 ¢z, 00000
0000000000000000000 ¢y/o = ¢, 000000 Pascual
0 [25100000

(1= Guyy)" ~= (1= pz)™

00000000000000000000000+,0000000000
0000000000000000000000000000000000
0000 ¢, 000000000000 p,00000000000000
0nO000+,000000000000000000000000000
00000000000¢00 ¢y 0000 (1—qu)" ~(1—p,) ™00
00000000000000000000000000C0O0000Pascual
025000, 0000000000000000¢,,00 ¢, 00000
0000000 +,00000000000000000000000000
000000000000000000000000 (1-¢,/,)"0000
0000000000000000000000000000000000
0yw0OD00OO (1-p,)™O00O00000000000000000000
0000000000000000000000000000000000
000000000000000000000000000 p,000000
0000000000000 0000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000
000000000000000000000000000000000
00000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000

Pascual 0 [25]000 4, 0000000000000000000000
00000000000000000000000000000000000
00000000000000000»000000000000000+,,0
000000000000000000 4,000000000 g0 = gy
0000000000000000000000000000000000
000000000000000004,000000000000000
0000000000000000000000000000000000
0000000000000 ww0OO00O0OO00O0o000o0o0ooooooo
ooooo
000000000000000000000000000000000

o8



gbooooboooobobooooboooobOoboooOobooon
obooooboooobobooooboooobobooboboooon
oobobooooooooooobobooouooooooonDg ywOooo
gboooobooooboboooobooooboboooboOoboooon
oboooobooooobOoboooobooooboboooboobooon
gbooooooobooooobobooooboobooobooboo

HEN

obooooooboooooboboooogboooooboobooogooboo
gbooooboooobooboobooboobooboooooobooooon
gbooooboooobobooooboooobooboooogo

99



O0A D000 At0D0D0O0OO0O0O0O0O0DOOO

ooooooo A¢+0O0DODOOOOOO00O0OO00OODOODOOOOOOO0O0
gbooooboooobobooooboooobobooooboobooon
00 At000000 100000000 pi(Ay) OO

pi(At) = AL+ O ({At}?)

000000({At)2)00At0000200000000000000000
000000 At0D0000000002000000 po(A)00000AL
00002000000A4 00000000000000000 At,O0
02000000000000000 (At = At +Aty)00000py(At) =
1 (At)py(At,) 00000000 pa(At) = O{AL}?) 000000000
0000 +000000000 k0000000000000 pe(t)000
00000 k>100000000 pp(t) =0({At}Y)000000000
t+At00000100000000000000

Po(t + At) = po(t)po(At)

0000A:t0002000000000000 O({A*)0000Y 72, pe(At) =
po(At) + BAL+O({At}?)=10000000000

po(t + At) = po(t) {1 — BAL — O ({At}?)}

0000000000 At—-occ0O00000O0CQ0ODOOOOODOOODOOO

googo
dpo(t) . po(t + At) — po(t)
= 11m
dt At—0 At

000D0O0pe(0)=10000

= —Ppo(t)

po(t) =e

o0000o00ooO0oUbobAtODOOOUOOCOODOO0OUOUOODOOODOOO
goooooooooooooo

1—po(t) =1—e PAE

OO000000oOoOO0o0OooooAtOO0000OOoooOoOoOoooooOoOoo
000 100000ie. OOOO0OOO0OODOODODO 10D0DOO0DOOOOO
00ooooooooooooooOoDoOoOOOoO0g0AtObooggoooo
1-e?At00000000000000O0O0ODODOO0O000O0O0OOO0
oboooooobooooooboo

60



@' ‘ ‘ ‘ ‘ O

PN Ao Ao N\ SN S riprn A

L L L L
1000 0 200 400 600 800 1000

© ‘ ‘ ‘ ‘ @'

L L L L oY L L L L
0 200 400 600 800 1000 0 200 400 600 800 1000
time time

U3r-dbdbdb0boboboboboboboobobobobg ppb
000000000 p,0(a) 10x 10; (b) 50 x 50; () 300 x 300; (d) 700 x 7000
v=Lin=4a=1;8=1/3; b=1/10; 6 = 1/30

OO0B 0O0D0O0ODODODOODOOO

2000000000000 0-00000DbOO0O0OO0ObOOObO0O0OO
O000O000oO0oOoooOoooooog 37(b,e,d00000OOODOOOOODO
gbobooooooooooobobobobobooooooooonbobo
0000 37(2)J 0000000000000 0O000O0O0O0O0O0O
gboboooooboobobobooooobooboboobooooooobo
O0O00OKeelingO (1997) (18] 000000000000 DO0O0OOOOOO
gboboooooooboooboobobon

gbobooboooobooooboobooooooooooooob wbooTO

gonboogoood
to+T

= % Z Pa,.(t) = (pz,)t

t=to
O0000p,(t)00LxLOO00000O000D0¢t000000000O000
O0o0o0ooUooooooo(), 0000000000000 000Od0p,

61



@ 5 5f . ST o T (b) 2.5

Xy
XL

100 200 300 400 0 100 200 300 400

038: 00000 L0000 Xp(a)OOOODOO (b)O

oooog E,00

Ep = {{(pon(t) — >}

000D002000000000000 LO0OODO
Xp = LEy
000000000 X?00
Xi = L?E} = L*{(pa,.(t) = 11)%) = ((pe,. () L = pL?)?)

gbooboboboboboboboboboboboOobOOobooOobooOooo
U X, 0000oooooooobooooboooooooboooooboboooon
gboooboobobooboom@moooobooobooboboobooboboobn
gboboboooboooooooboooboobobobOoboboboon
gbobdoboboooooooboobobooboboboboboboon
ob-0O0b00oooooooobooboboboobobooooooboooboOoDbo
X, 000oOoooooDb roobooobo0oooboooooooobooon
ooooobosoobooogobb L=500000000000000
dd000oO0O0oO0oO0oOoOoOoOoOooOo 3r(hyooooooooooooooo
00000000000000000000000 37(e,d)0000000O0
00x30000000b00b0b0obobobooooo

O0C 00000000000ooboboooon

o000
[t pzypy) = Bpa(l—pe—py) —py {1 — (1= pz)"}
9t pzrpy) = bpy{1—(1—pz)"} =61~ pa)"py

62



oooO0o0o0
Alpz) = Bpa(1— pz)
B(ps) =Bps+{1—(1—ps)"}
Clpz) =b—(+0)(1—pg)"
00000000 p, 0000000

Alpz) =B —2ps)
B,(px) = ﬁ + ’I’L(l - pw)n_l
C'(pz) =n(+0)(1—p)""

ooooooooooooobooooJ*oooon

o < A'(p3) = p B (p) B(p;;>>
el o) 0
det(J*) = p;B(p3)C'(pz) >00000000000000 M0 000
goob0oooooooooboooooooooooooooooooon
000000000000000trace(J*)>00000%R(\;) >0 (i=1,2)
00 00trace(J*) <00 000R(N;) <00000trace(J*) =000000
DDDDDD[IEIDDIZIDDDDDDDDDDDDDDDDDDDD(p;,p;‘/)
(p3, pp>0)0000000000000Otrace(J*) <0000000000

(1—2) (22" —1) . nz
(1_21/71)2 1—2zl/n

8>

00000000z=0b/(b+46) 0000

good

[1] Ammerman, A.J. and Cavalli-Sforza, L.L., 1984. The Neolithic Transi-
tion and The Genetics of Populations in Furope, Princeton University

Press, Princeton, New Jersey.

[2] Atkinson, W.D. and Shorrocks, B., 1981. Competition on a divided and
ephemeral resource: A simulation model. Journal of Animal Ecology,
50: 461-471.

3] DO0000DU0O0O0O00D0O0O0O00DO0OO0O0O00OO0D0O0O0ODOZ2003.
oobo—-4oobooooboooboomo oo booboboooboaoo
ooog.

[4] Caraco, T., Glavanakov, S., Li, S., Maniatty, W. and Szymanski, B.K.,
2006. Spatially structured superinfection and the evolution of disease
virulence. Theor. Popul. Biol., 69: 367-384.

63



[5]

[16]

Durrett, R., 1995. Ten Lectures on Particle Systems. In: Lectures on
Probability Theory (Baine, P. and Durrett, R., eds), Lecture Notes in
Mathematics, Vol. 1608, p. 97-118, Springer, Berlin.

Durrett, R. and Levin, S., 2000. Lessons on patter formation from
planet WATOR. J. theor. Biol., 205: 201-214.

Elton, C.S., 1958. The FEcology of Invasion by Animals and Plants,
Mathuen, London.

Farlow, S.J., 1982. Partial Differential Equations for Scientists and

Engineers, Dover Publications, New York.

Fisher, R.A., 1937. The wave of advance of advantageous genes. Ann.
FEugen., 7: 355-360.

Hanski, I., 1999. Metapopulation Ecology, Oxford University Press Inc.,
New York.

Hengeveld, B., 1989. Dynamics of Biological Invasions, Chapman and
Hall, London.

Hubbell, S.P., Foster, R.B., 1986. Canopy gaps and the dynamics of
a neotropical forest, pp. 77-96. In: Plant Ecology (ed. Crawley, M.J.),
Blackwell Scientific Publications, Oxford.

Ives, A.R., 1991. Aggregation and coexistence in a carrion fly commu-
nity. Ecol. Monogr., 61: 75-94.

000,1998.00000000-0000000000000000,0
ooo,00.

Iwasa, Y., 2000. Chapter 13 Lattice models and pair approximation
in ecology, pp. 227-251, In: The Geometry of Ecological Interactions:
Simplifying Spatial Complexity (Eds. Dieckmann, U., Law, R. and
Metz, J.A.J.), Cambridge University Press, Cambridge.

Iwasa, Y., Sato, K. and Nakashima, S., 1991. Dynamic modeling of
wave regeneration (Shimagare) in subalpine Abies forests. J. theor.
Biol., 152: 143-158.

Keeling, M.J., 2000. Chapter 15 Evolutionary dynamics in spatial host-
parasite systems, pp. 271-291, In: The Geometry of Ecological Interac-
tions: Simplifying Spatial Complexity (Eds. Dieckmann, U., Law, R.
and Metz, J.A.J.), Cambridge University Press, Cambridge.

64



[18]

[27]

28]

Keeling, M.J., Mezi¢, 1., Hendry, R.J. and McGlade, J., 1997. Charac-
teristic length scales of spatial models in ecology via fluctuation anal-
ysis. Phil. Trans. R. Soc. Lond. B 352: 1589-1601.

Law, R., Dieckmann, U. and Metz, J.A.J., 2000. Chapter 1 Introduc-
tion, pp. 1-6, In: The Geometry of Ecological Interactions: Simplifying
Spatial Complexity (Eds. Dieckmann, U., Law, R. and Metz, J.A.J.),
Cambridge University Press, Cambridge.

Matsuda, H., Ogita, N., Sasaki, A. and Sato, K., 1992. Statistical me-
chanics of population — The lattice Lotka-Volterra model Prog. The-
oret. Phys. 88: 1035-1049.

gobod2004. 00000000000 —DO0OO0OOOOODOOO
ooooooo.

oooobOooboooz2003.000000oboboooooobooon.

Nakagiri, N. and Tainaka, K., 2004. Indirect effects of habitat destruc-
tion in model ecosystems. Eco. Mod. 174: 103-114.

Okubo, A., 1980. Diffusion and Ecological Problems: Mathematical
Models, Springer-Verlag, New York.

Pascual, M., Roy, M. and Franc, A., 2002. Simple temporal models for
ecological systems with complex spatial patterns. Ecology Letters, 5:
412-419.

Pascual, M. and Levin, S., 1999. From individuals to population den-
sities: Searching for the intermediate scale of nontrivial determinism.
Ecology, 80: 2225-2236.

Sato, K. and Iwasa, Y., 1993. Modeling of wave regeneration (Shima-
gare) in sabalpine Abies forests: population dynamics with spatial
structure. Ecology, 74: 1538-1550.

Sato, K. and Iwasa, Y., 2000. Chapter 18 Pair approximations for
lattice-based ecological models, pp. 341-358, In: The Geometry of Eco-
logical Interactions: Simplifying Spatial Complexity (Eds. Dieckmann,
U., Law, R. and Metz, J.A.J.), Cambridge University Press, Cam-
bridge.

oboboooboooo,1989. ooboobuoooobooboooooooo
oboooobooooobooooogners: 101-108.

65



[30]

Sato, K., Matsuda, H. and Sasaki, A., 1994. Pathogen invasion and host
extinction in lattice structured population. Journal of Mathematical
Biology, 32: 251-268.

Sevenster, J.G. and van Alphen, J.J.M., 1996. Aggregation and coex-
istence. II. A neotropical Drosophila community. J. Anim. Ecol., 65:
308-324.

ooooo,1992. 0000000000000, 0000000,00.

Shigesada, N., Kawasaki, K. and Teramoto, E., 1979. Spatial segrega-
tion of interacting species. J. theor. Biol., 79: 83-99.

Shigesada, N., Kawasaki, K. and Teramoto, E., 1986. Traveling periodic

waves in heterogeneous environments. Theor. Pop. Biol., 30: 143-160.

Skellam, J.G., 1951. Random dispersal in theoretical populations.
Biometrika, 38: 196-218.

Tainaka, K., 1988. Lattice model for the Lotka-Volterra system. Journal
of the Physical Society of Japan, 57: 2588-2590.

Tainaka, K., 1992. Spatial Pattern in a Chemical Reaction System:
Prey and Predator in the Position-Fixed Limit. Journal of Physical
Society of Japan, 6: 1891-1894.

Weiss, M.P., 1907. L’hypothese du champ moléculaire et la propriété
ferromagnétique. Journal de Physique, 6: 661-690.

66



