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   A  population model  to assess  the effect  of  sex  pheromones  on  the suppression  of  in-

sect  pest popu!ation was  prcsented and  simulation  tests were  conducted  with  the  model.

The  effect  of  population size  on  the degree of  suppression  was  stronger  in the mass

trapping  rnethod  than  in the disruption methed.  The  trap  efficiency  in capturing  males

and  relative  attactiveness  of  the  trap  to the wild  females within  an  area  permeated  with

both pheromones  bad less effect  on  suppression  rate,  The  ratio  of  males  captured  by
the  traps  to  the t6tal number  of  rnales  emerged,  or  the rate  of  femates mated  per day

is not  a  good  measure  of  the  degree of  populatien suppression  in the next  generation,

INTRODUCTION

    KNipLiNG  and  McGuiRE  (1966) presented a  simple  population model  which  can

be applied  to assess  the eflectiveness  of  mass  trapping  as  a  method  of  controlling  insect

pests. RoELeFs  et  al.  (1970) and  MERTiNs et al. <1975) used  this model  to demon-
strate  the  eflect  of  removing  males  with  sex  pheromone-baited  traps  on  populations of

the redbanded  leafiroller moth  A7kg?rotaenia welutinana  and  the  pine sawfiy  Diprion similis,
respectively,  However,  the  KNipLiNG and  McGuiRE  model  had  an  important  limita-
tion, namely  the number  of  females mated  was  determined only  by multiplying  the

prebability ofa  male  being attracted  to a  virgin  female by the  number  ofmales.  Under
this assumption,  the  number  of  females mated  increases unlimitedly  with  an  increase

in the  number  ofmales,  NAKAMuRA  and  OyAMA  (1978) presented an  improved  model

of  mating  in which  its eMciency  decreased with  an  increase in the  number  ofmales.

However,  this model  is still unrealistic  because the  mating  capacity  Df  males  is assumed

to be unrestricted.

    KuNo  (1978) recently  proposed  a  set of  models  to analyze  the  mating  process of
animals.  In the present paper, we  use  one  of  this equation  for mating  and  develop
a  population model  which  can  be used  to assess  the eflbcts  of  both mass  trapping and
disruption methods  by means  of  sex  pheromones,  Simulation tests were  conducted

to assess  the  scope  and  limitations of  mass  trapping  and  disruption methods,

                            POPULATION  MODEL

Theemergencecurve  of  adults  was

i Present

 Kyoto
 address  :

606, Japan,Entemological
 Laboratory,

taken  to  be a  Gaussian  distribution with  a

 College of  Agriculture, Kyoto  University, Sakyo,

27



Japanese Society of Applied Entomology and Zoology

NII-Electronic Library Service

JapaneseSociety  ofAppliedEntomology  and  Zoology

28 F. NAKAsuJi  and  K. FtijiTA

total number  of  adults  N  and  standard  deviation of  the time  of  emcrgence  SD  days.
The  sex  ratio  of  adults  emerging  was  assumed  to be 1 : 1 and  the  daily survival  rate  ot'

adults  was  tentatively  taken  as  O,9, The  number  of  eggs  laid per day  per femalc was

determined in an  age-dependent  manner  by the  fo11owing equation:

                   NE=533-44.4t,  (t23) (1)
where  NE  is the  number  of  eggs  laid on  the  tth clay from emergence.  This equation

is based on  the  actual  data  for the  tobacco  cutworm,  opodoptera litura (NAKAsuJi, 1975),

though  the curve  of  oviposition  rate  is somewhat  simplified,  Females which  mate  on

the  tth day immediately  lay eggs  at  the rate  of  oviposition  for the  tth day.

    KuNo  (l978) proposed a  model  for the mating  rate  CP) of  females under  the as-

sumption  that  the  female, once  matecl,  disappears immediately  from thc sight  of  search-

ing males,  as  follcws:

         P=  
FF-
 =  Fl.(lil.-)- 

ln [(1-a)ic"f{1 (1 
-a)"}i(1-a)T]

 (2)

where  F, M  and  F.  are  thc  number  of  females, males  and  mated  females, respectively,

and  k is the number  of  searches  made  by  each  male  during a  period, The  parameter
a  is the relative  area  covered  by each  successive  searches  of  a  male,  In equation  (2),
the  upper  limits of  mating  frequencies for males  and  females are  assumed  to be k and

1, respectively.  We  assumed  the  parameter  k was  also  1 per day in the  present model.

The parameter  a relates  to the  area  permeated  with  the sex  pheromone  of  a  female
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 Fig, 1, The  numbers  of  rnales  and  fernales emerging  daily, of  femalcs mating

and  of  eggs  laid per day. The  emergence  curve  of  adults  was  generated using

random  numbers  from  a  Gaussian distribution, 
'rhe

 total number  of  adults

emerging  (N) and  sex  ratio  of  adults  were  1,OeO and1:1,  respectively  and  the

rnean  and  standard  deviation of  emergence  time  were  50 and  10 days, respec-

tively,
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in fihe present case,  because males  are  assumed  to find females only  by means  of  the

sex  pheromone  of  virgin  females. A  standard  value  of  a  was  taken  to be O.033, at

which  all  femaies can  mate  during the  preovipositional period in the  largest population
size  (N=1,OOO) used  in the present model.

    The  numbers  ofmales  and  females emerging,  of  females mated,  and  ofeggs  laid by
females are  shown  in Fig. 1 when  N  and  SD  are  1,OeO and  10, respectively.

SIMULATION  METHODS

Mass tramping method

    The  number  of  traps (X) is given in terms  of  the  number  ofvirgin  females equivalent

to the  amount  of  synthetic  sex  pheromone  used  as  bait in the  traps.  When  the  areas

permeatecl with  pheromone  from  trap  and  frem  a  wild  fernale overlap,  the  probability
of  a  male  being caught  by the  trap  (PT) is given thus:

                 p,･=cp.(1-  Fp(lilfbPifiiF) (s) i)

where  Px  and  PF  are  the  probabilities of  a  male  being attracted  to traps  and  to wild

females when  traps  and  wild  females distribute randomly  and  independently of  each

other  and  these  are  as  fbllows : P.  ==:  1-(1-a)i  and  PF=1-(1-a)  
pt.

 The  parameter  b
is the  relative  attractiveness  ofthe  trap  to the wild  female within  the  area  permeated
with  pheromones from both and  c is the eMciency  ofthe  trap  in capturing  males.  The

coeMcient  of  relative  attractiveness  (b) is e.5 when  competitiveness  ofthe  trap  is equal

to the  wild  female within  an  overlapping  area  and  it becomes lower than  O.5 when  the

trap  baited with  thc  synthetic  pheromone  is less attractive  than  the  natural  phero-
mone  from  wild  fernales. The  value  c will  increase when  the  structure  of  the  trap

is improved.  In the  present calculation,  males  which  are  not  caught  are  assumed  to

stay  in the  neighbourhood  ofthe  trap  during one  day.

Disruptien method

    In this methocl  the  pre-mating communication  between the  sexes  is disrupted

by permeating the  atmosphere  with  natural  sex  pheromone (GAsToN et  al., 1967),
which  prevents males  from  orienting  to  females. Sometimes, the  use  of  one  of  phero-
mone  components  (YusHiMA et al., 1975) or  of  diflbrent isomers of  the  these  com-

ponents (MiNKs et al., 1976) can  play asimilar  role.  In all cases,  the effbct  ofdisrup-

tion is considered  to be attained  by  a  reduction  in the  eflbctive  area  permeated  by

pheromone  from wild  females. Thus, in the present simulation  we  supposed  that  the

parameter a  in the equation  (2), i.c, the arca  permeated  with  pheromone  of  a  wild

 i We  assumed  that  the number  of  males  being attracted  to thc traps  within  overlapping  areas  of

   the  traps and  wild  females depends both on  the  relative  density and  en  the  relative  attractive-

   ness  of  traps to wild  fcmales. Because the  relatlve  densities of  wild  females and  traps  are

   FIPFS  (=-f) and  X!PxS  (=x) where  S is thc arca  of  habitat, and  relativc  attractivencss  of  trap

   to the  wild  female is b, the  probability of  a  male  being caught  by the  trap  (PT) is

                   PT =-=- c(Px  (1 -PF)  + ftrb. 
PxPF]

   wherec  is thc  eMciency  of  the  trap  in capturing  males  (OE{IoSl). The  equation  (3) is given  by

   the relationship  mentioned  abeve,
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female, was  reduced  when  the  disruption method  was  applied.

RESuL'rS  OF  THE  SIMULATIONS

Mass  tramping

    Suppression of  the  population was  expressed  by  the  proportional decrease in the

number  of  eggs  laid per female when  a  certain  control  method  was  applied,

    The  relationship  between suppression  of  the  population and  the  number  of  traps,

in terms  ofvirgin  females equivalent,  is shown  in Fig. 2. The  computation  was  carried

out  fi)r three  population sizes  of  adults,  i.e. N=1,OOO,  200 and  100 with  a  standard

deviation (L9D) of  emergence  time  of  IO days, For the values  of  other  parameters see
the legend of  Fig. 2,

    The  suppression  increased with  an  increase in the number  of  traps,  but that  for
the  largest population, i,e. ],OOO individuals, is considerably  lower than  for the smaller

populations, i.e, 200  and  100 individuals. For exarnple,  80 percent suppression  can  be
attained  by 27 and  50 traps for the population sizes  of  100 and  200 individuals, but
it cannot  be obtained  even  by 500 traps fbr the population size  of  r,OOO individuals,

    Next, the  eflbct  of  varying  the trap  efliciency  (c) en  population suppression  was

tested (Fig, 3). Although  the suppression  rate  increased gradually with  an  increase
in trap  eMciency,  the  eflect  is small,  an  increase  in eMciency  from O.5 to 1,O giving only
20 percent greater suppression  fbr a  population of  1,OOO individuals,

    The  eflbct  of  relative  attractiveness  of  the  trap  baited with  synthetic  pheromone
to  that  of  wild  female$ (b) was  assessed  fbr three  population sizes  (Fig. 4), A  value

of  b, for example  of  O.38 means  that  the attractiveness  of  the trap  is one  halfthat of  wild

females within  areas  permeated  with  both  pheromones,  Generally, attractiveness

of  the trap  baited with  synthetic  pheromone  will  be Iess than  that  of  wild  females which
excrete  the  natural  pheromone, Fig, 4, however,  shows  that  lower competitiveness
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c in the  equation  (3) (see text) are  O.5 and
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  Fig. 3. The  relationship  between  population suppregsion  and  the

ficiency of  the trap  in capturing  males  (c) when  X  and  b (see text)
80 and  O.5, respectively,
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  Fig, 4. The  relationship  between population suppression  and  the

relative  attractiveness  (b) of  the  trap  to the  wild  female within  an  arca

permeated  with  pheromones  from  both sources,  X  and  c (see text)

are  80 and  O.8, respectively.

of  the trapmay  notbe  critical  inthe  masstrappmgmethod.

Disrziption method

    In order  to  assess  the

method,  the parameter  aeflbct
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and  the  relative  value  of  the  para-
a  wild  female. The  actual  (maxi-

of  0,033, the parameter was  decreased gradually to one-thousandth  of  this standard

value.  The  calculation  was  perfbrmed  for three  population sizes  and  changes  in the

rate  of  population suppression  in relation  to the changes  in a are  shown  in Fig. 5,

    The  change  in suppression  rate  was  again  influenced  b>r the population size  in this

case,  but the eflbct  was  smaller  than  that  of  the  mass  trapping  method  (Fig, 2). The

suppression  rate  increased  above  80 percent when  the  parametera decreased to  1/110,

                                       lf40 and  1!30 of  the  standard  value  for

   1o  100
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 Fig. 6. The  relationship  between  the rate  of

population supp[essien  and  the  ratio  of  males

captured  by  the traps  to the  total number  of

malesemerging,  The  data were  obtalned  from
the  simulation  tcst shown  in Fig, 2.

the  population sizes  of  1,000, 200 and
individuals, respectively.  The  suppression

rate  for any  initial population size  ap-

proached  a  high value  when  the value

of  a was  decreased further.

Seme probtems in the evaluation  qf the Popula-
tion sumpression  esperiment  in 

.tielcts

    The  eflt}ct of  the  mass  trapping  and

disruption methods  is' usually  assessed  by
the  ratc  of  capturing  males  by  traps

relative  to a  known  male  population
(PRovERBs et al,, I975; MADsEN  et al.,

1976), and  the  mating  rate  of  the  tethered

or  wild  females during a  certain  period,

e.g.  one  night  (BERozA et  al,, 1974;
CAMERoN  and  ScHwALBE, 1974; OyAMA
and  WAKAMuRA,  1977). Whether  these

rates  correspond  precisely to the  rate  of

population suppression  of  the  ensuing
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progeny  was  tested in the  present section.

    The  relationship  between  the rate  of

population suppression  and  the  ratio  of

males  caught  to the  total number  of

males  emerging  was  obtained  from the

results  of  the  simulation  tests shown  in

Fig. 2 and  was  presented in Fig. 6. The
suppression  rate  increased with  increase

in the  capturing  rate,  but the  relationship

between two  items was  non-linear  and

differed considerably  with  population
size.

    Next, the  relationship  between the

population suppression  rate  and  the  mat-

ing  rate  of  females was  examined.  The
data were  obtained  from  the  result  of  the

simulation  test  shown  in Fig. 5. The
relationship  between  the  suppression  rate

and  the mean  mating  rate  of  females per
night  for IO days at  the  peak  of  emer-

gence was  shown  in Fig. 7.

    The  relationship  between the  two  is

concave  and  this suggests  that  the

proportional decrease in the  population
ample,  90 percent inhibition of  mating

decrease in the  number  of  eggs  laid per
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   Fig, 7. The  relationship  between  the rate  of

 population  suppression  and  the  mating  rate  of

 females per day. The  data were  obtained  from

 the  simulation  test  shown  in Fig, 5 and  the

 mating  rates  were  averaged  for IO days at  the

 peak  of  the  emergence,

in the  mating  rate  does not  bring about  a

    in the  ensuing  generation, For ex-

   night  corresponds  to  only  60 percent

DISCUSSION

    So far, over  40 trials of  insect pest control  with  synthetic  pheromones have been
carried  out  in upland  fields, orchards  and  fbrests throughout  the world  (NAKAsuJi,
1979). The first experiment  with  the  mating  disruption was  conducted  as early  as

1967 in Califbrnia fbr the  cabbage  looper, 71'icmplusia ni  (GAsToN et  al,,  1967). Their
experiment  showed  that  disruption of  mating  using  the  synthetic  sex  pheromone  was

a  promising method  fbr suppressing  the  population. On  the  other  had, GRAss  et  al.

(l970) tried to control  an  insect pest of  apple,  the  red-banded  leafroller moth  A,
evelutinana, by means  of  mass  trapping  in 1968 in New  York  State, Though  the  result

of  the  experiment  in 1968 was  not  satisfactory,  successfuI  control  was  attained  in 1969
when  the  moth  density was  lower than  in 1968 (RoELoFs et  al,,  1970). After that,
many  trials using  both mating  disruption and  mass  trapping  were  carried  out  for about
25 species  of  insect pests (NAKAsuJi, 1979). These experiments,  however, have been
conducted  in a  trial  and  error  manner  without  an  assessment  of  the likely applicability
and     limitation               of  the method,

    The  first mathematical  model  to assess  the  efllect  of  mass  trapping  was  developed
by KNipLiNG and  McGuiRE  (1966). RoELoFs  et  al, (1970) used  this model  to predict
the effect  of  mass  trapping  on  the  population ef  A. vetutinana  in apple  orchards  and

they  suggested  that  over  50 traps  should  be placed on  each  tree to attain  95 percent
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control  in severely  inf'ested orchards  which  have 32 percent damage  or  apples.  MERTiNs

et  al. (1975) modified  the  KNipLiNG  and  McGuiRE  model  slightly  and  used  it to design
a  mass  trapping  method  fbr control  of  the  pine sawfly,  D. simitis,  They  assumed  that

male  sawfly  does not  mate  or  attempt  to copulate  more  than  once  in 24 heurs and  mated

females loss their attractiveness  to a  male.  This assurnption  is the  same  in the present
study.  D. simitis  is an  arrhenotekous  insect and  unfertilized  females produce  male

progeny.  Under  the  assumptions  mentioned  above,  they  calculated  the  generation
by generation trend  in the sawfly  population using  the KNipLiNG  and  McGuiRE  model

and  predicted that  four generations of  intensive trapping  weuld  be suMcient  to eliminate

the sawfly  from  an  isolated area,

    In the prescnt stucly,  a  new  population model  was  built and  some  simulation  tests

were  conducted  to assess  the  eflbct  of  mass  trapping  and  disruption methods.

    The  simulation  tests suggested  that  mass  trapping  method  would  be more  strengly

influenced by the  size  of  target  population than  the  disruption method.  Actually,

the  number  of  traps  placed in fields will  be restricted  by economic  Iimitations and,

generally, it will  be considerably  le$s than  the number  of  wild  l'emales. Under  such

conditions  and  especially  when  population densities are  high, the  mass  trapping  method

is likely to be ineflbctive.

    The  disruption method  will  be appiicable  to  both  large and  small  population sizes,

The  number  of  progeny can  be greatly reduced  using  large amount  synthetic  phero-
mone  even  when  population densities are  high and  the  technical  and  ecenomic  prob-
lems of  an  extensive  treatment  of  synthetic  pherornone  are  being solved  fbr some  insect

pests (BERozA, 1976). Theoretically, complete  suppression  would  be expectedwhen

parameter  a  is infinitely decreased, This situation,  however, will  not  be attained  in

practice, because males  can  find and  copulate  with  females at  a  short  distance by  other

means  than  sex  pheromones,  e,g.  visual  (HmAKA, 1972) or  contact  stimuli  (ONo, 1977).
    The  eflbct  of  mass  trapping on  population suppression  is usually  measured  by the

number  of  males  captured  by the  traps (TAscHENBERG et al., 1974) or  the  rate  of  males

captured  by traps to a  known  male  population, e,g.  by  using  mark-recapture  technique

(PRovERBs et  al, 1975), On  the  other  hand, the  efllects of  the  disruption method  have

been  evaluated  by the  decreasing number  of  males  captured  by the  traps  baited with

the synthetic  pheromone in the  treated  area  CCARDE et al., 1977) or  by  the  mating  rate

ofthe  tethered  females (OyAMA and  WAKAMuRA,  1977) and  ofthe  wild  females (BERozA
et al., 1974). The  sirnulation  tests in the  present study  suggest  that  the  capturing  rate

of  males  or  mating  rate  of  females during a  short  period, e.g,  one  night,  cannot  be a

good measure  of  the  degree ofpopulation  suppression  in the  ensuing  generation. Some

censuses  for the  density in the  next  generation, e.g.  egg  of  Iarval density, should  be added

to  these  measure  to evaluate  precisely the  eflbct  or  population suppression  by means

of  sex  pheromones. Examples  of  such  precise evaluations  have been reported  by  some

authors  (BERozA et  al,, 1974; RoTHsaHiLD,  1975; MiNKs  et al., 1976 and  MAcLELLAN,
1976).
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