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Paradox of biological control:
Is introduction of multiple natural enemy species effective?
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Biological control is to suppress pests by introducing their natural enemies (predators,
parasitoids, and pathogens) and traditionally, multiple natural enemies are often
introduced. Many empirical studies suggest that introduction of multiple natural enemies
is often more desirable than that of sole one, while often not so. One of the reasons of
this inconsistency is intra-guild predation (IGP) among natural enemies which one preys
not only on pests but also on another one. However, classical theoretical studies on the
IGP system predict that multiple introduction is always not desirable for suppression of
pests, which does not, at least partially, correspond with empirical studies. To resolve the
gap between theory and observation, we expand classical models by considering
behavior by both pests and natural enemies, and examine effects of them on suppression
of pests. We assume that the pest can adaptively and dynamically allocate efforts toward
the defense against each predator, and the omnivorous natural enemy shifts its diets
depending on relative abundance of its prey (switching predation). The model predicts
that considering adaptive defense, introduction of multiple natural enemies can be
effective for controlling pests if IGP is weak. However, considering switching predation,
it is not effective, which is similar to classical studies. Finally, considering both defense
and switching, it is always desirable regardless of strength of IGP. These results suggest
that kinds and combination of the behavior by each species can greatly impact on
qualitative outcomes of suppression of pests, and may determine efficiency of biological
control introducing multiple natural enemies.
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B, EEHAREOMEIZEZ AEBIZOVTIIZE A EHEIN TV,
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BHE KT (€{RN},j€{N,P}), miIHBE i DEBRFETEEERT (i € {N,P}),
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brnarn (brp—mphgp)agp )

HABNIEWREDL LR L CIRETE BB . (bpp—mphg)l EETH 5,
UELD, EERAEOHEL EEEDAL v F v JREOEEIZKIELC 4 SOEF
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Fig. 1: (a) HICHBHL XA o F LV ZHALERL2VE b) BISHEHOLER LR
© AA 9 FUIREDHERLIER (1) BEHBEHL R vF L ZTHELER L RIT
BiFD, HAE L 2 MOBAE OWBRIZEE L THREBOEL, RMITHEAE L tE
BREOWRE (az,). WMIZTTMALE L OWBRE (1p) 27T, PRRBILERTEY
MAEITEREL TR 5; A 2 MOBAE IR, B: PHBAEOLER. C: BAED
SIFRE, D: WEZE WIBRBICEFELT YD OHLOBREOLEN), HEREEER U
BT D IRR LR B AR ERF ST L L Croscil-"2 V5, E7t. BISHEEE %5
BLTOWIBEE, SHEAERAVTWIBHEEREE LTHAVS, 0T A—
FZIXL T oY srR=5,kr=3, brny = bgrp = bnp = 05, arpn=1,my=mp = 0.5, hgp = hyp
= 0.75,f]v=_ﬁ» = 0.75, CN=Cp= 0.25, vw=vp=1. '

EERREOBCHIHHAR VBREDRA v F L I HRERAF & LEELRVES (Fig.
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l1a), apV/NEL apBPKENVWEE (DED, IRBEEORDEFHRIENVEX)DA 3 TE
ITREXIFE L (Fig. laDEE A) —F. arp, ap BSHF & b+ KEVEE, MEEND
DEFEFFLHRICL > THRFEAE /G L (Fig. 1a DFEE C). @ H & L/ X WFEAIR,

MEAEDBR LT (Fig. la DFEEB), /2, 25 2 DOFEROBNTIINEE FIHIREEIC
KEL T HEAEERVCFRIHEEED &L OB ERT 2)ERAHIR L (Fig. 1a DFEER D),
IO DOFERITH AR IGP R ORI & EMRIIZ—BT % (Holt and Polis 1997),

RIZ, HEEDAL v F U ITHRZ2EZRE T, LEFRBFOBECHHEZ BZELZEE
(Fig. lb)‘ app BRELTH ap /N ETHIE, 2 BEOBEOGA (Fig. 1b DA A-eyep)
F TP RRERE T A5 (Fig. 1b DK A-en)l2 L - T, 3EIILFETE B2 LR
Sz, EFEHRFEOHED 2 BOWREROBRBRFONT U ANLBT LITL-T,
wfh#ﬁﬁ@ﬁﬁ%@ BREHERB T o5 &V O BRI, EEHBEHZEE L I2HR

FMRTFE L —ET 5 (Nakazawa et al. 2010), 7272 L. are BDIHEFIZKEWVIFA., BEHE
Ek%ﬁ%ﬁﬁﬁ@#éxfﬁsﬁﬁﬁﬁﬁéﬁbta@.m@ﬁﬁthmmmo—ﬁ\
ap K EVEE AT HAIHEICL - TI3BRBRERETE 2EESHE L (Fig.
1b DFEIK A-ep)e LD2L. ZHiL app PRI RKE I THB L ZIIROND, :

Kic, HEHRREOBCHSHEZERET, MEEDAA v F L I HBYER LSS
wgw%amﬁ+ﬁﬁéﬁnﬁ3ﬁﬁ%#ﬂ%?%éﬁwwB+ﬁﬁ%“%ﬁﬁ@¢ﬁ%
ENRE LR ERFIREL R L (Fig. Ic DFAMK oscil-A), —7F. aNP 23/ WVEA,
BZIITERRE L OBEES L - TESHR SN (Fig. 1c DFEE B),

BRIC, LEHRBEEOBEICHHEMBEDAL v F U JHRZMH L LERB LIRS
(Fig. 1d). anp, agp B3 H & BIEF /PN S WVWBE LRV T, 3FIFICHFRTRETHHZ & 43
gé;ko3&%@%%@£Eﬁmmmapmk%éaﬁﬁwﬁﬁwﬁwé%mmiofﬁ

&L L7,
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Fig. 2 I3 BHREOFHBEGHEE L EREOIFREH X T 2HBER (ag)itin>

TR LELDOTHD, ABRIIHEHBE LHHBRELTOR, HRIIXEHEEE L
BREOHDRIIBITDHEWHEE O HEBEHEEL ENEIRT, EGHAE. PHHE
BE, HBRED 3 BRIIBT 2EGHEEFEOTEEGHEE I, B, NAD T v |k
TR L., TNFN ap=0(GP 72 L), anp=0.2,arp=04 Z R LT3, Fiz, EAEIREEN
FRETHDEE, | AMd=) 0OFRHEGKBEEEL2 2y F LT,

HEHEEREDBEEHIHIH R VEREDARL v F U THRBEH AL LER L 2VEES (Fig
2a), ayp PREIZEDLT, 3BRICBITII2LEAHAEOBAEBEE L. XEHKEE-PRIH
BED2ERIZBITIZENLVKEL, XAHERE-HREO 2FBRIZBITIZENL Y B/
érb oz, DY, FAFNBRBRICHS 2 MOBEREDOEAILEHRESE OB EMNH

ZEoTHELL fmaoto I ORRITH MM IGP OEBRMEOFER L —EKT S Holt
and Polis 1997),

RIZ, REBDOAA v F U THREERY T, £FAHRREOFECHHLEELZBE
(Fig. 2b). anp DA K & 174U, Fig. 2a DFER & EHANZ - L 72 (Fig.2b OUAD T v b)),
—F5. apB/NEITFHIE, 3BRIZBITHAIAEREOBERHEEN 2 EROENL Y b/
EL g0 (Fig.2b DA, EFEOT B Y b)), 2F 0| HHFEHREPFEICHBHEEZIT O HE .
HREMOX L FRRRIN/N ST, 2 BORAE OB L > THARREDEE LN
HWTHZENFAETHDZ EBRRINT,

Wiz, £EERBOFESHIHHEZEE T, HEEDRA v F V THERLERB LIRS
(Fig. 2¢). anp, app DI B R E T HIE, 3FBRICBIT L2 EHBEOBURBEEEIL 2ERD
FNIVbRKELSL o7z (Fig.2c PIUADT Ty N, F, appN/NEWVFE DOFERIT Fig.
2a DFER L EMMIZRA L LD TH o7 (Fig. 2c DAL, BEOTE v b)), 2F V., HREDN
AL v F U THRETOIGE., SNV FARBRBRICHS 2 BOBMBREOEAIXLXFHRESE
DEEMHNZ L > THE L 2d o T,

BBz, HEHRAEEDEICHH L MREDAAL v F U THREZTHELERBLZBE
(Fig. 2d). appDRE ZITE TP, areBHHRETFHIE, 3ERIZBIT 2HEHEREOBEK
HEEI2EROZNEV /IS o7, 2F D  2BOBRECEAICL > THAHKR
BEOBEELZMHEITIZLNARETH D Z LRI,
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Fig. 2: (a) MK G R A v F o 7HRALBERLR2VE b) BISHIBHO L ER LR
© A Y FVITRREOHZER LR (@) WEABHLAL o F L Z7HAELERLERIC
BIF D, BRE LIFEAE OWBRITIKE LA RAE O EHEERBEOEL, £
WRBEREETH BB, 1 BT OFEEREBEL V5, SBMiTEs® it
FEAEEOABE (azy), RMITHEERVRVERS (reko) LREERAFH L REmHW
59E RDIEEHEEE OBRERBEOHEMMETH S, RRIXPROHEAE OA, ST
REOHLEMAEE L LTAVWEREORARAEEDEEY ThehET, Theho7n
Y MIRRIAAHRE L UAEOWBRETRT (O: app = 0, O: anp = 0.2, O: ayp =
0.4), EDMNF A—F X Fig. 1 LRKBTH 3B,

3.3. FRFREFICNT 3 2 BOBAEEI»LOWAE

RERFHRENBEISHHEEITO & X2, 2BORABEDOEAIZL > THEHRBEEDE
Tﬁ%%g%&jémmﬁﬁ&%’;tm:\ KERBREEEOMFNZRB T2 EFNENOHRE
DR R [ Ry e

T MREDZAAL vF VIR ERBE T, BSHEOLEEELZEBED 2 O
MRED DIAHAE N T DHRIEDEE (apeDaV + ageDpP) % Fig. 3a 12T agp= 0.2 ~
03 fHE L 04~0.75 fHEIZENT, 2 BOWMREDRFITHAEE R TRHMEE DL (Fig 3a
DR ETLIHMERE DA (Fig. 3a DD RICBIT AHRTES LR -7, iz, BEDS
7 A —Z BT, ap ML TN BRI H 00D 6T, HEEND DHRE (Fig. 32 D&
WER B DB L T2V, #iZ, ayit—ETHAICLH0b LT, hERAaEN L
DIFEIE (Fig. 3a OIWVIKEDEI)ITL LABMLTWD, Jhit, HEHAEIEEE
WXL TRV DOBEAENEES LR, FL—F - 72k > ChRERE T
LG 3B L2tz TH B (Fig. 3b)e |

RIZ, MBEDAA v F L T HRZADETERBLEEAD 2 BOHARENS DL
BB T DMBEDAS % Fig. 3¢ 1R T, ap?d 0.1 LLER ST, 2 BOWABEDL ST
TOLNOHEBHEEMIFICET 2202 LR 57, 2L, ap BT L7128 32vb 53,
HAERED ELOOHMBHFICHHHBNZES L2720 ThD (Fig. 3d),

67



68

(@) ©)

apyDyN + AgpDpP

(b) | (d)

€ns €p
€ns €p

*e
.
‘e
‘e

App Qpp

Fig. 3: #tAHAH L HAF OWARITEFELE (3, o) 2 ROMAEILOMKEDOAH
(arvDpN + agppDpPYDTAL (b, d) FFBWAE OBME S (en, e DEAL. (3, b)) THFEFHA
HFOBROHLZEEL, (¢, TREEEDORM vy FV 7THALADETERT S, AL
FMBAEOR, SRR AEOLLRAR L L THVWERSORARANITHT I
E&?ﬁ%&ﬁgg#&%k*ﬂﬁtﬁoiﬁ$ﬁazKEth,%omﬂﬁf—ﬁu
Fig. 1 Th 3,

4. BER

SEIDOHEDS . HBEERUVHEEBENFDTBOTEMN, AHEREOEEAREED
MENZH L TRKESEBLY A LR TRREINE, B, EHEEOBICHBFHEOZBR
ko T, T IGP EFATITREN TV o7 2 BOFREDMAIZ L H3EHHk
BEBBBEEOMENEREINDZ Z LW FENE, £, HEEDORS v F U THEIZ
FNEATREERAEEEOMBICERL 2o, HEHEEFOFESHBHHEEZED
ﬁg%ggé ik oT, BHEHEABI DV LEEICHEHRAEOEELMHBIFIETH D
R ENT, ,

HAEREENBEFOFCELZHMEEE X512 2 ROBEICHT AR NHE2EBEHTES
EWVIHIRERD DI b LT, B> TEHFOBEGEHEENED TS (Fig. 2b)D
T—RFDRFERIZRZ D, HARFE L HXAHBEOEBE (app)2ilNT 5L, HXEHRESE
HEVBRIIKEFVERAZTICH L TELL OBEB HEES TS (Fig. 3b)e ZHITX > TH
BEPLOHEEIIMZ bNEN (Fig. 3a). FEAEEFNOLD IGP THH I TWFEHBE
ELRREINDB, TORKE, FRFBREICXTIIAHAE OBBEZ T/ E L
o TWAT=% (Fig. 3b), PHEIFEREM D OBRIC X > THEFEAFIIHMTE 2N E N
ATVLeRELTHWAEEZLNS, \

. MEBEPRALA v F U ITHRELEZERBLIEBE. e X 2 BOHAEEMNSOBARNK
EWVWLETH, HAEREZFRX L LOLOHAEFICLHHSZSHEZEST T, BAREELE
LTW= (Fig. 2d)e Zhid, A v F U THEZITOHRENLOBERIIAMBETH
5-DBBEEBENRKEL BoTHHARIIRELI 2DIZLL, #HiZ, FEHEEBEEN/ X
WEERIAL v F U TICE o THERMNESRDZEPBELTWD, 2FY, £FK



BEL, RA v F U ITHEREITOMEEIZH L THHEZES L THESFOEIGENEML
W WD, HEBEDPODOHENPRELS RoTOBHEBHZES LV EEZOND, £
7o, MEELD IGP IZX > THEHEF IO LTWaD, FREEEICHIHHLE
FLBRV, ZOMRR, EEHEREFIIL2TCOBHLHBET 720, 2BOBEEOEAIZL -
TEEHEBEENIBLTDHLEELDND, ‘

BEER (HEHEZRBEER EEEHZHAVTERERT 2 EMBBROMEITLEL Thh
TBY, ERRORBOFNEFNOITERMHICH T 2HALEREIN TS DS (Pallini et al.
1999; Chow et al. 2008 etc...). I OBEYHIPFBRODRIZEZ ZFEITEHL TUTIFL ALY
WAL TWRY, Zhik, £HOTEIEHRITARICBE TE TH, THREMDOLERT
RIRFECHERBIZE 2 2R E EENICHAIT 20N HEETHL72DTH D, £DTD,
EYOITENE BB LI EEET NV E RV BITIZAEMRIBBROME L FRIT 57- 0 DFZ
R7Tu—FThdEEILND, 5%, JVHAENRER (ERHEE, BERERVUXEBOB
BB )RR TCERLEET NV EEEOBS COEBRMREDT —F 52 HETHI L
Lo T, BEETVITEMHIBIROERIZESTEDEE2ON5,
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