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   In order  to know  whether  the  
"active

 space  model"  for male  orientation  to a  pheromone
source,  which  was  developed by NAKAMuRpL  and  KAwAsAKi  (I977), can  be applied  to a

situation  of  fluctuating wind  conditions  during short  periods, opedoptera titura male  catches

in a  pheromone  trap  during 10 min  periods were  analyzed.  Males  did not  come  continu-

ously  to  the  trap  but  did come  intermittently, the  longest period when  none  werc  attracted

being during 5 or  6 min,  The wind  velocity  changed  from  a  high to a  low  level during

theseperiods,

   The  active  space  model  was  rnodified  to apply  to a  situation  ef  fluctuating wtnd  velocity,

and  catches  obtained  experimentally  from  difltrent release  points from the  trap  were  com-

pared  with  those  obtained  from  a  computer  simulation  using  this model.  In  more  than  half

the  cases  experimental  rcsults  diflbred significantly  from  the  simulated  results.  Thus, the

active  space  model,  which  does not  describc instantaneous pheromone  behaviour, is not

really  applicable  to fluctuating wind  conditions  during short  periods. However,  the  distance

within  which  released  males  were  captured  in the  trap  was  not  greatly difllerent between

experimental  and  simulated  resuits  except  at  the tirne of  weak  wind,  These facts led to the

conclusion  that  this  model  is valuable  in representing  the  
C`timc-averagc"

 active  space  (or
pheromone  plumes) during a  certain  period,

INTRODUCTION

   NAKAMuRA  and  KAwAsAKi  (1977) built a  model  fbr the  active  space  ofa  sex  pher-
omone  of  5PodaPtera litura (F.) based on  a  medified  SuTToN's  equation  fbr gas diflUsion
in which  the  deposition eflect  of  pheromone  was  included. Roughly  described, this

model  was  applied  to the recapture  ofmales  in a  pheromone  trap  which  were  released  at

several  points distant from the  trap  under  various  wind  conditions.  These  applications,

however, were  cenducted  on  data obtained  during a  halfhour  at  the time  ofhighest  male

activity  by assuming  a  constant  active  space  with  a  constant  (mean) wind  velocity.

Thus,  this model  can  be called  the  
"static"

 active  space  model.
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        Table  r. Outline ofexperiments  and  weather  conditions  en  experimental  nights

                                                 t ttt- --tttt ttttt                              ... - mtm -........               tttttt tttttt ttttt tt"

 Date 

-"

 ll8i,8dfts.Iil?ke,S ..Ci2;?EL-ifi,O:ff  
Wi7,d.V;,i28it'

 weather

 Aug,  3, 1973 5 No 21-145  Cloudy

 Aug,  29 2 Yes 1- 96 Cloudy

 Aug,31  . 
2 . 

Yes
 .-  

3-
 
52.

 . glou.d.y

    It has been revealed  by many  authors  that  the  plume  ofpheromone  fluctuates and

meanders  dynamically by turbulent  dispersion, and  the  male  orientation  towards  a

pheremone  source  is greatly aflbcted  by fiuctuations in this pheromone  plume (e.g.,
AyLoR,  I976; AyLoR  et al., 1976; CARDE,  1979). Therefbre, the  number  of  males

caught  at  each  instant in time  is expected  to difler from  those  estimated  from the  
"static"

active  space  model.

    In this paper, male  catches  in a  pheromone  trap  during a  short  time  interval,

such  as  10 min  or  less, are  analysed  in relation  to wind  velocity  at  that  time,  using  the

data obtained  on  S. Iitura by NAKAMuRA  and  KAwAsAKi  (1977). These  catches  are

compared  with  the  simulation  results  using  their  active  space  model  to know  whether

or  not  the  model  is applicable  to these  short  time  intervals. These  analyses  will  throw

light upon  the  validity  of  this model.

                         MATERIALS  AND  METHODS

    The  data used  here were  obtained  firom experiments  conducted  by  NAKAMuRA  and

KAwAsAKi  (1977). In these  experiments  male  adults  ofS.  Iitura were  released  at  several

points distant from a  pheromone  trap  baited with  virgin  females, and  recaptured  there-

after  in the trap each  10 min  for 1 or  1,5 hr about  one  hour  after  sunset.  This  period
of  recapture  coincides  with  the  highest time  in the  male's  mating  activity  (YusHiMA
et al., 1973). The  captures  were  also  made  by two  or  three  persons who  stood  around

the  trap  and  caught  males  coming  near  it (within ca.  1 m)  with  sweep  nets.  The  mean

wind  velocity  during each  5 or  10 min  was  measured  with  a  BiRAM  anemometer  placed
2 m  from the  trap. These experiments  were  conducted  in a  meadew  of  ca.  2.25 ha at

Chiba Prefectural Agricultural Experiment  Station planted with  50 cm  high grasses,
in August, 1973.

    The  weather  cenditions  of  the  nights  when  the  experiments  were  conducted  are

shown  in Table 1, In two  of  the  three  experiments,  the  number  of  males  which  took

off  at  a  release  point 60 m  downwind  from the  trap  were  counted  each  IO min,

    The  number  of  catches,  C, were  corrected  to a  value,p,  by  regarding  that  a  total

of  100 males  were  released.  Thus,  they-value  at  the  ith time  unit,lt,  was  calculated

using  the  fo11owing equation:  

'

             100

        Ji== RtiCi

where  Rto is the  number  of  males  available  to be caught  at  the  beginning of  ith time

unit.  Rdio is given by the  foIlowing:

                 i-1

        Rio=Ro-  Z  Cj
                 J'=t
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Table
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2. An  cxaiXple  of  males  releascd  at one  release  point in the simulation  of

            in the  Aug. 29, 1973 experiment"

      .
Tim ¢  umt Tirne

Wind  v ¢ locity, u

   (cml3ec)
Malesreicased  Flying

timeb  (min)

1234567 l820-1830
 30- 40

 40-  50
 50--19oo
1900-  10

  10- 20
 20- 30

Oe
 Oe3596on1

139121293 706050coso2010

Total 49

sbeDifferent numbers  of  males  were  relcased  at  the beginning of  each  tirne unit.

Thc time  period during which  males  rcleased  at  each  tirne unit  are  mevecl  in the simulation.

Virgin females in the trap  were  assurned  to release  no  pherornones during these periods.

s

     o

cm/sec

   100

              o

                  lgoo  lg3o  2oeo  2o3o  21eo

                                                              Hour

      Fig. 1. The  number  of  males  caught  ever)r  minute  and  wind  velocity  (crntsec) 
every

    5 min on  Aug.  3, 1973.

where  Ro is the  total number  ofmales  released.  All analyses  on  the  catches  in this  paper

were  done using  the  values  ofl.  
.

                                                                to apply  m  a
    simulation model.  NAKAMuRA  and  KAwAsAKi's  model  was  rnodified

situation  offluctuating  wind  velocity.  Thus, the active  space  was  changed  each  10 min

GC,;,Oj,g･g:g,:2,`::,:,lg,a,",.W'Cd,,;ei.'/i,t',d.",i,"S,lg:,,P,e'a?da.2X`,t\8.e.UBt"iZ2iOd".,Oi:,W{nh2
                    The  number  released  at  each  unit  of  time  (1O min)  was,  however,
experimental  period

,h,a".g,kd..fr,o.m.Rl'g},7t'g,tll/;:e,.g',a.b,i,e.,2)6.T.h,ege.".1i,",s,.w.e,rf.,de.flg".e,2.o.n,:ee,,b.aeii,?･g
numbcr  folldws the  normal  distribution (NAKAMuRA and  KAwAsAKi, 1984). Males

were  released  at  the  beginning of  each  unit  of  time and  moved  in a  randorn  directiop

outside  the active  space  until  they entered  that  space  or  the  experirnental  time  limit

had expired.  The  time  in which  rnales  moved  within  this limit of  tim ¢  was  to change



Japanese Society of Applied Entomology and Zoology

NII-Electronic Library Service

JapaneseSociety  ofApplied  Entomology  and  Zoology

mcu=v"diU

 10-o.oz5

Catches ofS.  Iitura in the Pheromone  Trap

                 o
                  O  50  100  150
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                                       Wind  velocity

 Fig. 2. Therelationship between the  mean  wind  velocities  and  the  number  of  rnales

caught  during 5 min  on  Aug. 3, 1973. The  dotted Iine was  drawn  freehand.

l95

according  to the  release  time, as  seen  in `Cflying

 time'' in Table  2, When  a  male  entered

the  active  space,  he was  regarded  as  having  been  caught  in the trap. Other  framework
details of  the model  and  simulation  precedures were  the  same  as  the  original.

                                  RESULTS

Relationship between male  catches  and  wind  velocidy

    The  number  of  males  coming  near  the  pheromone  trap  (within ca,  1 m)  caught

by persons with  sweep  nets  and  the  time  each  male  was  caught  was  recorded  from
l900 to 2100 on  Aug,  3, 1973. Mean  wind  velocity  during each  5 min  was  also  re-

corded  during the  period. Figure 1 shows  the  number  of  males  caught  each  minute

and  the  mean  wind  velocity  during 5 min.  It is apparent  from this figure that  the

males  did not  come  continuously  to the trap, but did intermittently, so  that  the  longest
period in which  none  were  attracted  was  5 or  6 min,  It seems  that  in a  period during
which  no  males  came  the  wind  velocity  had  decreased from  the  immediately previous
higher level. This  is seen,  for exampie,  in the  periods from  1941 to 1945, l951 to l954
and  2020  to 2025. Thus,  catches  at  each  instant were  greatly aflttcted  by the  wind

velocity  at  that  time.

    Using  the  data  of  Fig. I, the  number  of  catches  during 5 min  was  plotted against
the  mean  wind  velocity  during the  same  period (Fig. 2). As seen  in Fig, 2, a  small

number  of  males  (less than  4) was  caught  during  5 min  when  the  wind  velocity  was

low. As  the  wind  velocity  increased, catches  also  increased and  attained  a  peak  at  a

velocity  of  about  95 cmlsec  and  then  decreased thereafter. This  relatienship  is very

similar  to that between the  maximum  distance of  active  space  of  the  S. Iitura sex  pher-
omone  and  the  wind  velocity,  which  was  one  of  the  basic assumptions  in NAKAMuRA
and  KAwAsAKi's  model.  Therefore, these results  rnay  suggest  that  their model  can

also  be applied  to catches  in pheromone  traps  during  a  short  period, if the  active  space

at  each  period is given.
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  Fig. 3. A  comparison  of  the numbcr  of  catches  in experiments  (solid circles)  and  in simu-

lation (open circles)  during each  10 min  from  1840 to 1930, on  Aug.  29, l97S. u  is the  mean

wind  velocity  (cmfsec). The  trap  was  placed at  O m  and  the wind  blew  frorn the left side

(the negative  ranges)  to the right  (the positive ones).
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1840  - 1850

 u  =  3 cmlsec

A

191e  - 1920

 u  94

B

                                          O  20  40  60m
                                          -

 Fig. 4. Maps  ot' catch  ratcs  shown  by c:ontours  at  distances from  the phcromone  trap

as  obtained  from the  simulation  model.  Op ¢ n  circles  represent  release  points and  dark ones

thc numbcr  of  males  actually  caught  which  were  released  at  the center  of  thesc  circles.  The

horizontal line is parallel to  the  wind  direction and  the trap  is placed at  the left rnost  edge  of

thc active  space  ofthe  pheromone  <A.S.). Two  different cases  ofwind  velocity  on  Aug,  29,

1973 are  shown  here (see also  Fig. S).

Vdtidity of the active  .tPace modet  on  mate  oatches  during a shorl  time period

    Figure 3 shows  the  catches  each  10 min  which  were  released  at  each  release  point
and  caught  in the  pheromone  trap  both in the  actual  experiment  on  Aug,  29, 1973 and

in its computer  simulation,  In the  simulation  the  active  space  was  changed  each  10

min  according  to the  mean  wind  ve]ocity  during the  period. Whcn  the wind  velocity

was  low such  as  at  1850, 1900, and  l930, the  range  of  catches  in the  simulation  was

restricted  to  10 or  20 m  distant from the trap, In actuality,  however, males  from

farther release  points were  caught.  Whcn  the  wind  was  strong  such  as  at  1910 and

1920, the  range  within  which  males  were  caught  is similar  in the  actual  experiment  and

in the  simulation.  These trends are  shown  more  clearly  in Fig. 4 in which  catches  in

the simulation  are  represented  by contQur  lines, together  with  actual  catches.

    The  comparison  of  distance-catches in experiments  with  those  in simulation  for

all three  experiment  nights  shows  that  in 10 of  16 cases  observed  results  diflbr sig-
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  Fig, 5, Thc  rclationship  bctwecn  tlie attraction  rate  of  males  entering  thc  activc  space

and  the  wind  velocity.  Each  point  is the  rate  obtained  from  Lhe  catches  during 10 min  on

the  three  diiferent nights,  In the  dark circlcs  the  range  in which  males  were  caught  was  not

great]y diff'erent between  cxpcrimcnt  and  simulation,  butin the open  circles  this range  diffttred
considerably.

nificantly  from  these  expected  as  a  result  ofx2-test,  A  part of  this diflerence seems  to

have been  caused  by small  sarnple  sizes  (catches) in experiments  because of  the  short

IO min  sampling  period, However, male  catch  ranges  obtained  in the  simulation

were  similar  to those  actually  obtained  in I2 of  16 cases.  In three  of  the four cases

where  the catch  range  differed greatly, the wind  was  very  weak  (Fig, 5).

    Figure 5 shows  the  attraction  rate  ofmales  plotted against  the  wind  velocity  during
the same  period, Attraction rate  represents  the  rate  at  which  males  entering  the  .active

 space  once  ceuld  reach  the  trap, and  this was  calculated  by dividing the  total
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catches  from  all release  points in actual  experiments  by those  in simulations.  Although

all males  entering  the  active  space  once  were  assumed  to be caught  in the  trap  in this

model,  in practiee males  are  thought  to often  leave this space  (NAKAMuRA, 198I). The

attraction  rates  must  therefore  take  smaller  values  than  unity;  however,  in many  cases

ef  weak  wind  times  these  values  exceeded  unity  (Fig. 5). This  means  that  the  active

spaces  estimated  in these  cases  were  underestimated,  as  already  shown  in Fig, 3, Except
in this range  of  wind  velocity  (less than  20 cm/sec),  an  increasing tendency  of  the rate

is recognized  against  the increasing wind  velocity  (with rr-O.6724;  significant  at  5%
errer  level). Therefore, it can  be said  that  of  males  entering  the active  spaee  more  are

attracted  and  caught  in the trap  as  the  wind  velocity  increases, when  the  wind  is not  as

weak.

                                DISCUSSION

    In NAKAMuRA  and  KAwAsAKi's model,  the  active  space  of  the  S. titura sex  pher-
omene  was  assumed  as  a  function ofwind  velocity:  that  is, the  maximum  distance down-

wind  of  it increases from e m  until  it reaches  the  maximum  at  ca.  8e cmtsec  and  de-

creases  thereafter, This assumption  was  deduced from  field experiments  in which

ma]e  response  behaviour in S. titura to  its sex  pheromone  were  observed  at  varying

distances from  the  pheromone  source  under  various  wind  conditions  (NAKAMuRA,
l976). The  curve  of  catches  during each  5 min  against  the wind  velocity  (Fig. 2) is

simirar  to the  curve  of  the  maximum  clistance downwind  of  the  active  space  mentioned

abeve.  This  fact suggests  that  the  active  space  model  still  holds in a  situation  where  thc

wind  velocity  fiuctuates considerab]y  in short  periods, if the  active  space  size  in the

model  is changed  depending on  the  fluctuating velocity.

    However,  the number  of  males  caught  in the  trap  is not  determined  only  by the

active  space  size.  Figure 5 shows  that the attraction  rate  of  males  entering  the  active

space  increases with  an  increase in wind  velocity,  This phenomenon  has also  been

shown  in the  diamondback  moth,  Ptutella aylostelta by IsHii et  al. (1981). As  LEwis

and  MAcAuLAy  (1976) have  revealed,  the  distinct plume of  pheromone  is constructed
frem  the  pheromone  seurce  and  a  Iarge proportion of  mates  entering  it can  reach  the

source  when  the  wind  is strong.  Contrary  to this, under  weak  wind  conditions  the

pheromone  diffiises vaguely  around  the  source  and  thc  trap  catchcs  few males.  The

increasing trend  of  attraction  rate  with  increasing wind  velocity  obtained  in Fig. 5 was

probably caused  by an  increase in the  distinctness of  the pheromone  plume. Thus, the
number  of  maLes  caught  in the trap  depends not  only  on  the size  ofactive  space,  but on
the  distinctness of  that  space,  The  number  ofmales  caught  will  therefbre  reduce  under

weak  wind  conditions  as  a  result  of  thc  decr¢ ase  both in size  and  distinctness of  active

space.  This is shown  in Fig. 1 where  catches  did not  occur  when  the  wind  ve!ocity
                                                                            '
decreased, 

'

    Since male  catch  ranges  obtained  by experirnents  and  by simulations  were  similar

at  a  wind  velocity  larger than  20 cmlsec  (Fig, 5), we  can  conclude  that  the size  of  active

space  estimated  by  NAKAMuRA  and  KAwAsAKi's  model  was  not  inconsistent with  actual

space  at  strong  wind  times.  However,  under  weak  wind  conditions  ofless  than  20 cm/

sec  the  estimated  active  spaces  are  thought  te be smaller  than  the  actual  slze  (Figs. 3-5).
This  diflbrence seems  to be produced by several  causations,

    First of  all, the  equation  used  fbr estimating  the active  space  in the  model  may  not
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 be correct  under  the  condition  ofsmall  wind  velocity.  The cliflUsion ofthe  pheromone
 was  expressed  there  by a  modified  equation  of  SuTToN's by  including the  deposition

 eflbct  ef  the  pheromone;  this  acts  stronger  and  reduces  the active  space  size  with  a

 decrease in the wind  velocity.  However, these  approximations  may  not  apply  to weak

 wind  conditions  of  less than  20 cm!sec.

     Secondly, the wind  velocities  used  in the simulation  are  the  mean  values  of  10 min.

 Therefbre, it would  occasionally  blow  stronger  than  the  mean  for an  instant and  the

 active  space  would  extend  farther at  that time.  This efllect of  the  velocity  fluctuation

 on  the  catch  ranges  would  be stronger  in a  weak  wind  time  than  in a  strong  one,  This
is because the  increasing or  decreasing rate  ofactive  space  with  increasing wind  velocity

is greater in a  Iew wind  velocity  than  in a  high one  (NAKAMuRA and  KAwAsAKi, 1977).

    Although the  active  spacc  ¢ stimated  by the  model  was  roughly  consistent  with

actuar  ranges  at  large wind  velocities,  this does not  directly mcan  that the behaviour of
the  pheromone  plume  can  be accurately  expressed  by this model,  The  model  assumes

the  wind  direction to be constant  throughout  experimental  periods, so  that  only  the
size  of  active  space  was  changed  here, Actual  wind  direction, however,  fluctuates
significantly  and  then  the  pheromone  piume does not  extend  in a  straight  line, but
meanders  (AyLoR et  al,, 1976). The  results  of  catches  obtained  at  192e on  Aug,  29,

 1973 (Fig. 3) may  have been caused  by this meandering,  where  the  maximum  number

of  catches  occurred  not  at  a  place nearest  to the  trap, but at  some  distance from it.
These  facts show  that  the  active  space  model  cannot  be accurately  applied  to the  instan-
taneous  behaviour  of  the  pheromone  plume.
    However,  the  concept  of  the 

``active
 space''  ofa  pheromone  is usefu1  when  we  want

to estimate  the number  ofmales  inhabiting that  area  from the number  ef  male  catches

in the  pheromone  trap, or  to obtain  an  optimum  number  of  traps in applying  the

mass-trapping  method  to control  an  insect pest. The  
"active

 space"  ofthe  pheromone
we  need  for these aims  is a  time-average  space  in which  almost  all plurnes (or their
active  spaces>  at  each  instant faIl during  a  certain  period, such  as  one  night.

NAKAMuRA  and  KAwAsAKi  (1977) conducted  simulations  of  catches  of  male  S. titura in
a  pheromone  trap  during 30 min  using  mean  wind  velocities  and  compared  those  results

with  actual  experimental  results.  The  simulation  results  did not  difler significantly

from the observed  ones  in more  than  half the  cases.  This fact shows  that  the  active

space  obtained  from NAKAMuRA  and  KAwAsAKi:s  model  by using  the  mean  wind  velocity

coincides,  roughly  speaking,  with  the  
"average''

 active  space,  This  description is only
true  when  the  wind  is not  weak  cluring experimental  periods. A  model  expressing  thc

pheromone  diflUsions under  a  weak  wind  condition  should  be developed in the  near

future.

    In this work,  virgin  females were  used  for the phcromone  source.  Thc  rclcase  rate

ofpheromone  in femalcs is probably  athcted  by  certain  meteorological  factors such  as

wind  conditions  and  atmospheric  temperature.  The  rate  of  male  takeoff  may  be
afllected  by the amount  of  pheromone  there  whi ¢ h is dispersed from  pheromone  traps

and  virgin  females inhabiting that  area,  in addition  to the  effect  of  the  meteorological

factors <NAKAMuRA, I981). Fluctuations in pheromone  emission  rate  and  the  rate  of

male  takeoffdue  to these  factors might  have  some  effect  on  male  catches.  These mat-

ters should  also  be clarified  in the  future.
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