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January 20, 1999

Dr. Martin Nowak
Institute for Advanced Study

Princeton, New Jersey
Dear Dr. Nowak:

We are pleased to inform you that you have been selected as the winner of the Okubo
Award sponsored by the Japanese Association for Mathematical Biology and the
Society for Mathematical Biology. The Okubo A\;vard, which is offered the first time this
year is to be awarded every other year to honor alternately a distinguished work by a
scientist under 40 and lifetime achievement, with ‘the first award going to a scientist
under 40. The selection committee cited you for your paper in Theoretical Population
Biology on stochastic strategies in the prisoner's dilemma. In addition to its own merit of
introducing the effects of error or uncertainty in strategies, this paper triggered a stream

of related work on the evolution of cooperation.



The Award consists of a cash prize of $500 US, as well as a plaque honoring your

achievement.

As the winner of the Okubo award, we would like to invite you to address the Annual
Meeting of the Society for Mathematical Biology, held jointly with the European Society
for Mathematical and Theoretical Biology in Amsterdam on June 29-July 3, 1999. Funds
of approximately $600 are available to help defray your expenses at the meeting. The
Japanese Association for Mathematical Biology also would like to invite you to address
The Ninth Mathematical Topics in Biology, which will be held in Kyoto (Japan) this
October. Funds of approximately 200 thousand yen are available to help your travel

expenses.

With our best wishes and congratulations for your outstanding contributions.
Yours sincerely,

Yasuhiro Takeuchi

Secretary General of the Japanese Association for Mathematical Biology

Leon Glass

President, Society for Mathematical Biology

dear professors glass and takeuchi,
many thanks for your letter.
i am extremely pleased and honoured.

i am very much looking forward to these meetings.

yours martin nowak



A joint committe of the Japanese Association for Mathematical Biology and the Society
for Mathematical Biology has selected Martin Nowak, who was recently appointed to a
Professorship at the Institute for Advanced Study in Princeton, as the winner of the first

Okubo prize.

The Okubo prize is to be awarded alternately for a distinguished work by a scientist
under 40 and for lifetime achievement. The committee cited Nowak "for his paper in
Theoretical Population Biology on stochastic strategies in the prisoner's dilemma. In
addition to its own merit of introducing the effects of error or uncertainty in strategies,

this paper triggered a stream of related work on the evolution of cooperation.”

Committee members were L. Edelstein-Keshet, Y Ilwasa, M. Mimura, L. Segel (Chair),

and N. Sigesada.
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what a sad news
I do have a calendar with reproductions of his fathers paintings, very nice !
I will remember Prof. Yamaguti as an extra-ordinary person, a great and warm
character, Odo Diekmann DfEF A—)LM S (Mon, 4 Jan 1999)
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Dynaniical Neural Network Models for Hippocampal Memory
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IVORAEBRLEERAT S0, BEOHEHROMER

% B <&RBIYT S Hodgkin-Huxley FBRORITETT/Ro 7.

2 Hodgkin-Huxley A2 & 7 RETIV

HREMI F T AAN ERT D ENBO R E BT
EREHTRIENNZ (ANLY) 2REL, BEEOMH
RERICHBEGRETSEEISNTVS. UTFREY
Hodgkin-Huxley HBXK [1] I ORFEEFERTD.

1.0dV/dt =120m>h(Viya — V) + 36n* (Vg — V)

+9(Vi = V) + Liyn (1)
dz/dt ={o, - (1 =) — B, -z} 3(15-6.3)/10 (2)

T THNERRLL V 2L AL V., = —65 (mV) ZHEIE
ELTHD, MONFTA—HIE Vya = 50.0 — Vieye,
Vi = =770 = Vipyr, Vi = =544 — Vioyy (mV) TH
5. Na Fr FIOEHE, FEMEE KFvo b
DEHEEZREDT m, h, n OFBRRICBT D a, &4,
(x=m,h,n) 2V OB TH2.

(V) RHBTFD L, JHIAROBEMERY DD F
TABHETHD, SFTARALT VIR gy &> T
UTFokdickbans 2, 3].

N
Lyn = 3 Gagn(t — 1) - (Vagn = V)/4mr? (3)

0 (t <0)
ysyn(t) = Jpeak " € . e“t/‘l’ﬂ“" (t > 0) (4)
tpcak -

oo = 0.1(25 - V)/{e('lﬁ——\«')/l() — 1}, Bin = 48_‘//18, ap =

(saku@sal.t.u-tokyo.ac.jp)

TZTHRBITTAAARR (I VD) THD, FEMAL
[T r = 20um ORKERZLUI. gyn MDD
B OBMKTHELNTESD Z SREEENIIIN > TS D
ETHDH. EHFETIE, 2 TOHREK - IFSF 73T h
FHRUTOEI RN A= THDETS.

HEE Wt
Viyn (mV) —10 = Viggt =70 — Viog

(: Vere) (= Vinn)
tpeak (msec) 2.0 5.0
Jpeak (1S) 05 5.0

3 EROBOBMAT—I
INFETCOH—-HRMNOEBETTINOE T, BUIK

MOANAT VBEEEAHNICEDNOIHREKEL TN 3.

Z U THEMBORBIREIZ, ADANT VEEICS T

AREBORIENMIDIEICE > TRESNDELTEL.

HMEBMOBEOAERMELTNDENWI Z &1, B
RIS BT D A S AN 7 ORMER NS — AT
AR TH D LIRS, FOLIRKEFEIIENSI SN
THAIN. TOLIREMERSEAIT, LI ORMH
BAERITAENHOTHBALIE, ANOBEEEZND D
DERDDLZENTERNSTHS.

00pT 7 7 o e A [

train index

MINgm
MAXgth

0 1 2 3 05 06 0.7 0.8 0.9
msec - nS

® 1 (BE) BB M TERLIEAINRY— 2%, BRKOL
KK WEIZENSERZEBD (thear = 1.0 msec, N =9,
and W = 3.0 msec). (H)ERD/$Y— > THKIZLE
12 gpear DRES EHEIZE > THNBHO.

0.07e=Y/20 B = 1/{e(30-V)/104 1}, &, = 0.01(10-V)/{e(10=-V)/10_

1}, Bn = 0.125e~V/#0,
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tpeak = 1.0 msec tpeax = 3.0 msec

N =100 0
N =50 x

1 - - —

0 2 4 6 8101214 0 2 4 6 8 1012 14
w w
tpeak= 1.0 msec tpeak = 3.0 msec

'S
o

w
w

N = 100 0 TX
N = 50 x 3
N=300

o

- = NN W
oo o;m

N{MAXgn - MINgs ) (nS)
[62]

) R "

0 2 46 8101214 0 2 4 6 8 101214
w w

o

B 2: (£)MAXgn & MINg,, OHEEWV S DMDORMHIE
W(E) EANBER N KDWTRDEDBD. (4) &TO
AND gpear DEDEH (MAXgp & MINgiy OEE N
D) NS ONORMIE W EANER N ITDWTRD
b0, RBRII50 nSTHD, ML gpear = 5.15 1S
(tpear = 1.0 msec) THHAN 1 ETRKT DI EMNG,
EDMOREININS.

COBMERRET 0T, W< DN ORME W N
TNBOANTA I 1 &—HAHTHERL, (1) R
ORMAUBEITEo. K UENBEOANTRAT S
DI BIL Gpeak DRKEE (g Gpear DERIE) 23R
FBTHED. BEANNY — k> THIRORKD LB

AMKESRADIEERLTVS (MAXgen & MINg, ).

TR OBRWIIFEMEE W ICENETEELTWSTHA
SN INERDZZDITMAX g, & MINg,, DHELEEE
ROONK2TH D, BADMFADATING — KT
LizwnwBaHORRE2EZS E, iIZ1 &40, Zo &l
Shxiriudiasizn, LHALREDEOLDAEICRS
DIIZTIUHEEEVWD ZEITRE-TLED. HPER
BLTESDPOFAREEBOHLLELTS, HIUBDHRY
BEIATHD. LT, REMROANANRTI IV %
BT HRMAT IV BERIVDETRETHD. ML
BAKLUILEE, ANV EFOBICHTRETIRIGHO
BMEOBTOEI UL RN THET ENS, TOEE
THONIHEMEBICBIIS I DOYFTANSEITED A
NA7EZ1M0 ERB. ZOFEIL, RABEIDLD
LAFEDESENNEMEEIC AN EINE 0D 1 I
SOFEMIINERELTVBEF>TENES S,

exc. noise : fexc

inh.noise : finp L1 1

~ output spikes

signal i Gie) Psi
s NG L
"uyu_;u@u_wmyi
M M Mivi +———— correlation?
signal packet timings @ fyig
signal output
L X'y oy, TR AN
»
T 21 X, SR AR
~—§ . .
Sy X"y g R RARTEN|
jX jY t
bin index —

3 (k) RO A SBARORKAK. 7 Poisson i H
NS foig Ha DO TR y; 28D, RIC& u; 2¥HE
TEHEMEE 0y, DIFRDHAT Py WOANRATF A2
> (REM) 2ROTID0BBN v bFETS. 23
LTHSNBRIEO I Iy bolE, REHEEH
Hlft D Piosson /1 X (BEIXENEN for., finn He) &
MR AN L, AR IRAERITS. (F) AN
BENTy MR (1) EHAZANA VRN S35 n KL
DANA V5| E—FD bin @TRY>bD. ZDELEE
bin DANA 28 X, Yie {01} (i = 1,---,n) &
HBHEIT4IUBHE LR, BHBERMIE 12002 UBTH
D, MITCIZE¥D 1000 SUBOANA ZHERV.

4 Nyo >0 R/ A XDERE

UE4E Stochastic Resonance (FE#¥3L#, LAF SR) &0
IBRICHTHAMRNRL BRAHFTRACTRADNTNS
(4, 5, 6]. TTUITNEBN ) 1 XERBHITHIRT DT
LickoTHEEN, BB AT LNSEDEBH R
INBHENSHRTHS. TOBR, BOLRVREHET DL
BHITIZ A XMRTETHRTETHWIT 2. MBIFRIC
BIDSRPIEBEDT, /A XELTREHoDEE
14X, BEELUTsin MEREMANSNTNS, LML
FHICHMPIRICBNTIE, 5P LRENZETNEZRET
EHEBEbID. T THERATIE, /1 XELT Pois-
son BEDOT I ANANA V%, BHEELTIHLEER
WMLUEANA IR bDILI 7 EBEEL, SROA]
AR A .

M3 EEPRICBITD SROFEERKELZBOT
5. SR TRANEBMEMmcHNE L TRIEEI L
ZRIELCTILENSDZOT, T T “shuflled predic-
tor” [7, 8] LIFINDZUTORZER NS,

o Z-X-Y/n
Co(jx.iv) = (X(1= X/n)-Y(1-Y/n)}\/2

TITX =Y X, Y=Y YIRERENbIn &

()
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025 _,_m‘mmrims&ii,.ﬂ 0.28 cx¢. 3000 Hz 4 msec bin
1

0, it 0

015 i 0is

0l [ I o

i o
008 R 0.0s
0 b Al - 0 p———— .
005 005
4 2 0 2 4 4 20 4
k=jr-jx k= jY X

M 4: BEANRAZHAEHAANIZHEOHEHMO
B1. fug = 40Hz, 0., = 0.5msec, Py, =6, finn =
50Hz TED fere = 3000Hz, £H fer. = 5000Hz.

03 __inh. SQ Hz 4 msec bin ___

’ (6.0.5) —=—

0.2
4
&
=)
Q

0.1t

0 N L
0 1 2 3 4 5 6 71 8

Exc Noise Freq(kHz)

B 5. C(k) D~V @EREME) 1 X1 7 OHES
w70y bLEDD.  finn = 50 Hz OWHEEOHEITD
WTHELE. RPOMFOMIT (P, 04y) ERDT.

By &jy KBIBBANA I KTHD, Z=3 " X"
YiEODbin BEMORMANA VK THD. TD Cy(

Jx,jy) @R Rl x = (XY, X2, X)), y= (VLY
YN REREFEWNERDT, (-1, 1] OERLE
NEHEABERKTHS. LMLITTRANA VFI2K
OHEHBEERDUVENDBDOT, AHAZANRAIAMT
binEk EFF4 L1 DHBLTDbin MDD Colyx,jy) P
W C(k) = 555 T ires Colix . ix+k) &RDZ (bin 1
43IUH, n=300). K4 ZERERANTERIC -5 <
E<5DEICHTS Ck) ZHNALDTHS. ZORD
5 feze H15000 Hz DEE XD H 3000 Hz D& ZDHNHHE
MEROP— 7 ENKEL, FOE—2ITEFTANRLMN
SEIVUBDBTHIIENDND. LL, FHITHERK
REFICLIS>TEEMREINTVWIDTHADIN?EW
3D for. DEIMTEZ ST, AATHBEML TS
oo, M5 OBIIHICEEAFEIREEANDOEL
FHRICAEX VO TIREVAENI RANEZSNDN
5TH5. BHNIEE NSEBDMNDBEDIT, foro DHM

EEBRRIFTRALTIH LA (TN gyn(t—ti)/41r?)

OFHEERERIMMLTHD, L dEIREREE
X0 b 1 i —F—stkEN., LEd> TEORRIIER
H#2E<, BLEOAD THNIZ OFBRICHRIE
FIMNTLAERNWI LR TLUES.

| - 0.08

tpeak = 2.0 ) Lo ’
a 0.8 tpeak = 4.0 o . 0.06
)
g 0.6 ' E . .
3’ Fom| L
g 0.4 ; : -
. - p 2l
02 T 001 /e tpeak = 2.0
et 3 tpeak = 4.0
oM . ] 0

0t 23 4567 8
Exc Noise FreqtkHz)

01 2 3 45 6 7 8
Exc Noise Freq(kHz)

B 6: REMS T T AR (gpear = 0.5) % F78 D HE (B

&) ThinoEED, RENI T TR IH A0

Wi () EEMRRZE (F).

_inh.50Hz
I B S T T

03 — — -
| e
2 e
3
4 —o
0.2 W 5 --m
4 26 -
Y] .
A .
= L]
o] -u
0.1t .
0 L s n s . L " L
0o 1 2 3 4 5 6 7 8

Exc Noise Freq(kHz)

7. {5 D (Pyg.04) = (6,0.5) DBREERUINS
A—Z &, NDALYII L ADFGI—EDINAT
A EMHETNT I EZD Ck) DE—J HEHNZHOD.
MicBWTRENO Y05 D ADOELDES (F/2134R
MEH) 3L fo.o TAUTHD, MLRTY 7N
HIRETRUCEEa L Y25 o ATHHEE2BRT 5.

FIC, W5 EFALAHER, REME/ 10T T
ALY o ADEBHEIIINA T AT TR 7ok
BNKT THD. DEh, REM/ 1 X082 50 %
S ADOBME( (L ITEREE) IK S THoZZHD LR
UTHdH, FHEEZRFIEATHD., ZONORKR
REEEOAZINEEREOLDOELETELTNVDD
TN EERLTWS. TRANMEERIBETZS
TWEMNEIEE NERLTWS, DFED, AEHE/ 1

- XN —BERD LT, BTz L, FERICIsE

ZHARPLTVB EZITEEMREEINTNDEDTHS.
CHES T AR (1) NRBITHENT ZELETHD,
& fooo KB B 1 XOFBRE (BLOES) BMEFR
HOBETHD T L2 BT, RE - If0 /1 X0K
RN THDEFTAHOT, B5 OFRIISRER
ThHHEFRS.

5 HROBEIHNMER

LLED & S ik RIIHEARO [FIROELICHNT DS
Bit) IKkB, CHRECODZVERICH L TIdMa D
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Ty 'WWW®mﬁ$
g vl

5 8: f... = 3000 D& XD reverse correlation. fAFAS
AHTNEELINS 5 I UBRNICH SN U Ok
#E0EL, TOMBTREL - WHEIHE 1 XHEDLD
WA TEENZEA RS A LTERELEDO.

M ERTA-0THAHH, K9 IZEOMMEENT
WEETENEEDLTVS. TORNS, AXTIY Y
ADEETEFNICL MBI O ERMHOZELTH,
BREMNTAMBEDIF TRV ENGND. TN LHMf
ERBSIEBEFMCHLEIMSPTIRINTSED (9, 10],
Na Fv s RIIVOREHERENFREEINTNS. D
WE T BTN modulationdetector (EMBR L) &
WIREZ > TS I & ERT RIS, MK RE
EFNEFKRESRHARDZLEWHE> TVD.

6 FL&OH

Hodgkin-Huxley HBRO KM B A T2V, MM
DI FTAANZRET ZBOBMA T —)VEHEL .
FEEFOLDRMMEBATRETIANANAIDI A2
DHEBEELT, JAXANA T ANICELD SR BE&M
HNH/B I EERLE. FLTIOESMMTEBOEBH
HBICES>TRINTVASZ EBHho 7. RNICRAH
EEO ROV TE, SUYLRKTSEENSNE,
FNRETFROEIABNY I I IR IAXDE S0
E2ELT, WHROAEZTIBRIFEOHBERBATRINT
%, Wbips NRINMERE) OLOBEFHIZRLTVLID
HLNn.
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BTSN B 1o 2 30 A - MR SRy @ T (michael@Gsat.t.u-tokyo.ac.jp) }rf‘ﬁﬂ(h DA aE R

AT, Z o0 MiA f)\ ¥A4FIHhNZa—u
CETFNDEAE LTI IER) [23y b =220V T
ERRT 5 .

o 3¢ 4l Hodgkin-Huxley =2 — 11 ¥ A6 % 5 J#E
oy b T =B BITEAIOW &

o EPEM:FitzHugh-Nagumo Za—0 » R EH 6704

BUCHLRGFRIES v b7 — 2 1CBIT B 7 I A DE

1 Hodgkin-Huxley = 1 — B> 5 7 % 3R
v b= TOMNFIEALOBZ

FENT. HOBIYE A A= 2 — w2 AR[H o [a] )58 KA T AR
THAEMEROMENG SN, £ T, AP OMKICHE
W Hodgkin-Huxley €7V % JHW T, Temporal Cod-
ing OMLNL, Za—a s~ OMEICD
WTHEEL T,

IEEA SIS & B RAFEEDIRE)

5 v & L BETEA N (Background Activity) (ZI§ &
/= a—naroiktE Aijé"f) SR A b 2T 4
LD IHIVEA D DFEKIEFICLH- 2B RRE T, (A1)

SO, Za—1rnj )\Fﬁ X2 — R L7
b, BTy FL, BRERDOK, AKEDIEXIE
ML AR D,  ofk@iid. BUEYEA T O HUE,
HAEE & IIRITED & 3 7 A% A O LA & o T, KRB
W, LR R EAEIET A L b S T,

kS N

B4 1 fTEA D £ = 2 — 11 256 KEEE

Excitatory Siénal Input

i‘izl 2. (J¢) B HAD D Atms FIZREYEATIASAD

FKFEFZEAL (4) RMESRARERE At & V)I)Jf;f X
Lﬁ‘n WU - RO ATT, BORR  UTE - BUIE AL AUAR
MAEA S DA, —1T8{# © Background Activity D3 ij
YUE % A2 7o o W) - AR

AN & 2 BIEBRAFRAHRADF

—Ji. Background Activity iIZIlFS T b = —11

Wy BRTER O Ats IS AME T E L TRETTA
)J'/JT%/'EV"C}\Z') Y E, Za—aroRRKiE L RO TAH
7oo BAEVED A (NiAR) . BUEE - AU (BAR) DPhe < BT
FASF NI L 7ce (12 Ji,At="5ws) #ii] - HEA
DS & BREKHEHO €= 71k, WH2ICZOWOYE L
NELC TRV, At b, BAIEFDOE — 27 DF S DR,
24T L f\_o BEHJE KR O K& 2 bk, ST
AJJED 4ms ~ 8ms TOARL NI,

’:1—D>$H®E%t1N47Wﬁm%

A FTRT &2 RERERE, TV T — F Y g
IR AE AN B;L('kgroun(l Activity 2520} A = o — 1
/éL[”@ RKTHEFERDL LN TE B, JIMTEAL
A g I w . | A1

o [ilJHIFERY 5
o WAVEAINDIGHFIRED O 6D

FEZLND, TOZOOBRERINL T, 4k A8
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| mEtza-oUR SRS A
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AN (A3) ) ANA
P BR TR

BRI H T B4 b7 -7 D

BET B, EOLE
AR R

T b= 7 DIGE (BN KT KA
L WX L TH IR OTH B, (144)

2 RUSHBIHSH v N7 — 2B B HE D
%

FitzZHugh-Nagumo = a2 — 80 > &7V THES N4
BEFNDED FE, EFTNVDINT A= F S FIZ K4S
Th, EDETIVIRIGH A 7 b7 — 2 &) Hikic
L. S CTUBUBILA 2 b7 = 2 A A — B 4
I 23 K S ISPAT AN B /A AR/ R (N F QRS R ARRE
'bhéfﬁﬁxwﬁj%ﬁ%@ﬂTéo

. Chua OEEEMEE DA ZDIF
m K JCBUCHE R v b7 — 7 NEF-ONEIRIE x(n K
TTRT PV IZKRD EHIZEGREN S

dx(f‘v il [ 77:1 . .
= Eogr eee
At f ( i, »Lm))

+D(X(f7,1 + 11' t ~7m.) +X(t,'i1 - 1, -im)
+--- +X(f.‘7t1.""'1:,,, +1) +x(t1i1""~":rll - 1)
—2mx(t. 1))

FOGHLk A b — 21k, nwm T ERET LT
Hwiigy b= EEZ I EMNLE, WHMICT$
NE— (A ES v b T 7 =Rk A LA
vy, (o THM LIRS TV L2l EFINERM T
LG O K T-OTWMTN xp HODA VL EGS
WAL v(t) & Ly AW i) KT 2 EFOIGEE LT
IR T A7, OE = [ < v(t),i(t) > dt H£1
EB L) RN —D2THET L, EDLEF L
RREBIMZZ E v 9o KREDDRETNN & T AT 2
NI A= %M E A AALHEE ClualdEHEL., Tt
v b= OBV BMIER O OO LEREIE E
e lL7ze (2, 3]

)3y MY A7 IILEBANDOHR

Chua (X REEITED S8 % Log P m i TESE L 7227,
FIHFLEER) Iy b AZVBOELTHENDT 2856
LI L LIS, B AN i(t) (I3 5 EF DN
ANV v(t) EMIBLETRD S EATHK, £h
SEMWT) Iy P47 VORI ERTE 5, B
I LD, RREES FHIANIEIS AT Y 1 €475 A, (1)
WA A& E LTEY B,

BEBITE & 79 X OR300 7 Bk
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T CTHUBIMM R OO H 5,
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KPR x(t, 1) = x; PRREE %5 &) e IEpGeE |
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ZARGHEFOES. ToEMIEY I T2 llv T
KM HICE T & 72,
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(EL5HX) J—IViERtHREMS LBLEBETIV

REHE O —% #R RRAEAER TERPIRAA M TEEK AW
E-mail:  hidecki@sat.t.u-tokyo.ac.jp

1 3UC®IC

HEBOHARNZETIVE LU TRIEFHET IV, i actor-critic EFNAAHRBIN TN S, —f, EEB
PHEOIBEIRORABMEICETCREIENTFHINTNEDT, bLEEKOETIELT actor-critic €
TIWNEEZDSRST, MARRETCHRRETRAEATEATIUIRS AN, FITERIXTIIERBEOT D
- VBRI D NWTER, actor-critic EFINVORAATHRICERINTZN IV XL 2EZTYL.
9, I-NVoGRETEIEE S X T actor-critic BEFWICHBRAULET N T ) XL EKTS. £L T 3Ia
L=2a ZICEDEENTELILERY. KT, WS TI-)lo%iE) & TZEFY W3 200%K
BEMA, HHEMMEI NS EE, HLVWIADIIH L TOHEGEHNN LMD EERT.

2 CASEl d—I)LigmtEoi@{ey

CASEL 3 d—)Vigmtt 0L % actor-critic EFIIVTEBRLAEDDOTHS. TROLDIZTD HEXH
RU, CTMERSITRE (¢,8) KB THT8 e 2L, ARSTIEODILNSILETE. TITH R
T—I)LRE, s IBREOREEET.

@ g ' g
(a") C(g,:
C(g',s') g ] (g 7)
s
, j C,(s',a)
s
TD=~{ C(g,s)+C,(s',a)-C(g',s") }

3 CASE2 IJI—-/UERAMHRIMELZELEE

CASE213, d—VERMEHRITEIS (- OEE] (4TI ORE] EnoThiW) ETH
(a°) EEBAT, actor-critic EFIICHIBAAL bDTHB. CASEL &HADEERSIIITHE> TS
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T -SRI B EL DR
(THE EFFECT OF EVOLUTION TO HOST-PARASITE SYSTEMS)

)

1 INTRODUCTION

It is well known that a simple first-order difference equa-
tion can exhibit a complicated dynamics. Such a model
has three regimes of dynamic solutions specified in its
parameter space, namely a stable equilibrium, stable cy-
cles and chaos. An interesting problem is whether these
combinations of parameters which exhibit stable cycles
or chaos are expected to occur in a real population.

A natural ecosystem is by no means arbitrary, because
it is the result of a long evolutionary process. Therefore,
we should expect that the distribution of demographic
parameters corresponding to real populations is not at
all randorn (Gatto, 1993). Evolution of demographic pa-
rameter in a single-species population in a constant en-
vironment is described in Godfray et al. (1991), Metz et
al. (1992) and Gatto (1993). Gatto (1993) investigated
for a two-host model the conditions under which type
characterized by oscillatory or chaotic dynamics may be
favored by natural selection in detail mathematically and
pointed out a general methodology to approach this kind
of problems.

There are many types of interactions between species
in natural ecosystem. One of the most popular interac-
tions between species is a host-parasite interaction. The
purpose of this paper is to consider the effect of evolution
to a host-parasite system.

2 HoOST-PARASITE MODEL

The following model is known as a host-parasite model:

{ un+1
Un41
where u, and v, are the host and parasite population
densities at generation n respectively, r is the intrinsic
rate of increase of the host, u is the self-regulation pa-
rameter of the host, a is the per capita parasite attack
rate and b is the number of the parasite which develops
per host. The four parameters r, y, a and b are posi-
tive. Beddington et al. (1975) showed that the dynamics
of this model indicates a sustained oscillation and chaos

according to the values of the parameters. The stability
properties of model (1) are shown in Fig.1

rup, exp[—avy] exp[—pu, ] (1)
bu, (1 — exp[—av,])

3 2-HosT 1-PARASITE MODEL

To investigate which type of hosts are favored by natural
selection in the host-parasite system, we use a model of
competition between two types of hosts. The equation of

BT SFRE & AT AT

FHEATHBIE 4 E

5 (S3)
(S2) (S1)-ii
. (S1)-i

1 2 3 4 5 6

Figure 1 — The stability properties of model (1)
as the function of the parameters y and r. The
solid lines demarcate regions of the parameter
space with different stability properties. (S1)-
i:Model (1) does not have a positive equilibrium
and the boundary equilibrium is stable, (S1)-
ii:Model (1) does not have a posmve equilib-
rium and the boundary equnhbrlum is unstable,
(S2):Model (1) has a positive equilibrium and it is
stable, (S3):Model (1) has a positive equilibrium
and it is unstable. The parameters a and b are
fixed (a =2,b=1).

the competition model is

ulnpr = rlul,, exp[—alv,,]exp[ p(uln + u?y))

Ung1 = Z,  biu ,,(1 — exp[—a;v,))

ulnpr = rou’y expl-azvalexp[—pz(uln + vty )1)

2

where u! is a resident, u? is an invader and the subscripts
1 and 2 to the symbols (p,r,a,b) indicate the type of the
hosts. The competitive ability of each type of the hosts is
identified by the pair (u,r,a,b). Note that the dynamics
of model (2) in the absence of parasite (v,, = 0) was
mveitlgated by Gatto (1993) and the one in the absence
of one host (u n = 0) was investigated by Beddington et
al. (1975) (model (1)).

4 CRITERION FOR INVADIBILITY

When the resident community (u!,v) (described by (1)
with u = ul, g = py,r = r;,a = a; and b = b;) has stable
cycles (equilibrium or sustained oscillation) of period m,
the criterion for invadibility of u? is given by

Inr, S S (i (12 Z, L ut(d) 3)

13} m pg m
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where (u!(i),v(i)),(i = 1,2,---,m) is the periodic orbit
of period m of the resident community (1). When the
parameter (p2,73,ag, by) satisfies the inequality (3), the
resident cornmunity (u', v) is invadible by the invader u®.

5 THE DvyNaMICS OF 3 SPECIES
(2-HosT 1-PARASITE)

Criterion (3) for invadibility is given by the local instabil-
ity of the periodic orbit in the resident community (u', v).
After u? invades the community (u!,v) successfully, the
resident, u! will not always go to extinction. There is a
possibility that two hosts coexist with the parasite.

We see that if the parameters satisfy one of the follow-
ing inequalities, coexistence of two hosts do not occur.

o Inry/uy <lInra/puy  and  ay/py > ax/pg
o lnr/py >lnry/pus  and a1 /py < az/pa
e ay/pi < azf/py  and Inry/ay <lnrpfas

e ay/py > azfp;  and  lnry/ay > Inry/ag

If the parameters do not satisfy the above inequalities,
there is a possibility that two hosts coexist with the par-
asite.

0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05 -
o

(o] 200 400 600 8OO 1000
n

F.igure 2 — The example of the temporal fluctua-
tion of the number of three species. Three species
coexist at an equilibrium point.

6 EvoLuTION OF HosT
We consider model (1) and investigate the dynamics
which are favored by natural selection. To simplify, we
assume that only the parameters r and p are allowed to
evolve (i.e., fix ay = ap and by = b;), so that we can dis-
cuss the evolution on the 2-dimensional parameter space
(b=1Inr).

The boundaries of the invadibility to the resident host

© in the absence of parasite are shown as the dot-dashed
- lines and the one to the resident community which has
. astable positive equilibrium of host-parasite system are

shown as the solid lines in Fig.3. These boundaries can

. be treated as contour lines which represent fitness values.
- Therefore, the parameters of the host-parasite system will

g

change in the direction of the arrow in Fig.3. From Fig.3,

we see that the host in the absence of parasite ((S1)-

i or (S1)-ii) will evolve to have a positive equilibrium
((52) or (S3)). We also see that the host-parasite system

which has a stable equilibrium (52) will be invaded by
the invader with the parameter belonging to (S3).

Inr

2NOWAOO

1 2 3

Figure 3 — The y~Inr parameter space. The dot-
dashed lines represent the boundary of the in-
vadibility to the resident host in the absence of
parasite and the solid lines represent the bound-
ary of the invadibility to the resident community
which has a stable positive equilibrium of host-
parasite system.

7 CONCLUSION

First, we obtained the parameter space demarcated with
different dynamical properties for the host-parasite sys-
tem approximately. Next, we investigated the invadibility
of the host in the resident host-parasite system which has
a stable cycle and obtained the criterion for invadibility.

Using the parameter space which is demarcated with
different stability properties and the criterion for invadi-
bility, we considered the evolution of the host. We see’
that the dynamics that host and parasite coexist with a
stable equilibrium will not favored by natural selection
without the trade-off of the parameters.

The criterion for invadibility we obtained can be ap-
plied only when the resident community has a stable cy-
cle. To obtain the criterion for invadibility of host to the
resident community which doesn’t have a stable cycle is
a futurg problem. To consider the case where all the pa-
rameters are allowed to evolve is also a future problem.
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PEOREANDEER AR, Ial—2a &0 EHBORED
e iThHil, EREOBOENE E+HmMEWERMEBES N TNV, :

pg)

U3
‘ﬂ“ " .
£10.025 | 1Y
FY I

ooy

boz [f i} &

ook

] H Aoki's Model
L T ettt Huth & Wissel's Model
————— QOur Model

i)
-150 -100 il 0 50 2 ¢ (degree)

ha, yba, ) bl

2
K4 B AEOHERIMN
-63-



R sid, Huth & Wissel O T IVARR L, LillOE S EiR0 MEORE
FEENWT, BEPEGEBRL BICE N2 RBITEI O SN &iTom. TORE, F
EFTOHIIBWTERINTWS 1 OMBOXBITEIO/NY — > (Pitcher &
Wyche, 1983) @56, ({FEWR S MEONRSY—~2%2 I al—2ay ETHET
HIENTERE, 2O &, FRROBEARN I EEN O —ITHS L m0~n)
DIV—=IVDHKT, BREEKEL TRTIIORNY — 2 RE]ENPRPTES
R, FREHOMEMEOHREPOTHNS - ITEEE 5252 &%)Té:hto

CDETINDOAY w NIBEBINTWBEREY, {TEFN RN IV EEOEE
DK TETIICHARAD D Z &, =IO > IV T DB /N A—4
DODENDLIENT &, BEOERPREME. HE2NWEFEIRBREEZERLIET IV
N alRE/R C LI ETH D, TAUw hELTIE, TFINVDOREBRNEMKTH D7
B, RFETIVCHXRT/NT A—FDMOEBRIZFHMENHEL N &, JIOWEHY
EBMNTERNWI ENHITE5ND,

4. TOMOETIV

AHEBDIEROY A F I AEMTICENZETIVE LU TRAR, BEIUF
FIDETINMNH B, EBSBRTFETIERBRIZEDOEKE KRR TFIZHIZ T, i
FHICHES ) PBHHEE b T, St ¥ OFEE N THRITREEN TN,
RAGR986) 1L BE D BYE 2 KR OA B G ) LIREN S D), EINTATRET D4
BhHENS A STl L. BHAOIEE ERIFIREEEDBENWERERL TV S,
F/o, AOROISICRIL TBHTLHHTIIRS, HAHHMAICEE> THEILK
WHESwarm)DETFIVEHNWT, FREAREBICB TS HEO Y LT 0L 2
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