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ABSTRACT
The fem ales B . g e rm a n ic a  sep a ra ted  from m ales a f t e r  f i r s t  m ating 
produced fewer oothecae th an  th e  fem ales caged w ith  m ales th roughout 
l i f e t im e , b u t number o f  eggs, ha tch  r a t e  and fem ale lo n g e v ity  were n o t 
s ig n i f i c a n t ly  d i f f e r e n t .  P opu la tion  d e n s i ty  d id  n o t a f f e c t  nymphal 
development r a t e ,  density -dependen t m o r ta l i ty  appeared to  be la rg e ly  
due to  cann ibalism  d u rin g  o r im m ediately a f t e r  m oulting , and th e re  was 
a  l in e a r  dependence o f  f in a l  a d u lt  d e n s i ty  on i n i t i a l  nymphal d e n s ity .

The e f f e c t  o f  a  dom estic f lu o re sc e n t l i g h t  on th e  r e s t in g  behaviour o f  
th e  cockroaches was examined using a  2 chamber a re n a . B ioassay 
c o n d itio n s  (ab so lu te  l i g h t  in te n s i ty ,  l i g h t  in te n s i ty  d if fe re n c e  
between chambers, i l lu m in a tio n  p e rio d  p r io r  to  being  g iven  access to  
shaded chamber, change o f pho tocycle  b e fo re  b io assa y , e x te n t o f CO2 

a n a e s th e t is a t io n , and d iv is io n  in to  " d a rk -p re fe rr in g "  and " l ig h t -  
p re fe r r in g "  groups) had l i t t l e  e f f e c t  on r e s t in g  in  th e  shaded a ren a , 
and a lthough  th e  cockroaches showed a  s ig n i f i c a n t  p re fe re n c e  fo r  th e  
shaded a rena  over a  number o f  t r i a l s ,  th e  e f f e c t  was n o t always ev id en t 
in  in d iv id u a l r e p l ic a te s .

Cockroaches allow ed to  th e  t r e a te d  shaded chamber w ith  s u b - le th a l  dose 
o f  perm enthrin  WP fo llow ing  recovery  in  th e  u n tre a te d  subsequen tly  
illu m in a te d  chamber showed a  p re fe ren c e  fo r  th e  il lu m in a te d  chamber. 
Cockroaches which pre-exposed  to  perm eth rin  WP d e p o s its  a t  doses
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ranging from 1 to  6 .4  mg/m2 and recovered  in  th e  subsequently- 
illu m in a te d  chamber showed a  tendency- to  remain in  th e  il lu m in a te d  
chamber which in c re a se d  w ith  p en n e th rin  d e p o s it c o n c e n tra tio n . 'Hie 
r e s u l t s  o b ta in ed  w ith  a  l in e a r  th re e  chmaber a rena  in  which 
cockroaches were exposed to  perm ethrin  WP fo r  10 min in  th e  c e n tre  
chamber p r io r  to  g iven  access  to  two escape chambers showed no c le a r  
tre n d  towards a  g r e a te r  o r  a  le s s e r  l i g h t  avoidance re a c tio n  w ith  
in c rea s in g  perm eth rin  c o n c e n tra tio n , th e re  being evidence fo r  a  
re v e rs a l o f  th e  normal photophobic response a t  some c o n c e n tra tio n s  bu t 
n o t a t  o th e rs .

Females poisoned w ith  1.65% w/w hydramethylnon b a i t s  r e ta in e d  t h e i r  
oothecae a t  d e a th , w h ile  a  co n s id e ra b le  p ro p o rtio n  o f  th o se  k i l l e d  by 
b o r ic  a c id  b a i t s  d e p o s ite d  th e i r  oo th ecae  p rem atu re ly  a t  90% r .h .  and 
e i th e r  20° C o r  28° C. Oo th ecae  from bo th  7-14 and 14-21 day o ld  fem ales 
and poisoned w ith  hydramethylnon showed reduced h a tch  r e l a t iv e  to  
c o n tro ls  a t  20° b u t n o t a t  28° C, w hile  oothecae from both  groups o f  
fem ales poisoned w ith  b o r ic  a c id  showed reduced h a tch  a t  both 
tem p era tu res , and more oothecae re ta in e d  by th e  fem ale hatched  th an  
those  prem ature ly  d e p o s ite d . The r e s u l t s  to g e th e r  w ith  th ose  from 
experim ents examining th e  % h a tch  o f  oothecae e i th e r  m anually removed 
from fem ales o r  a llow ed to  rem ain in  th e  g e n ita l  pouch u n t i l  ha tch  
suggested  th a t  fo r  n e i th e r  compound was t r a n s f e r  o f  to x ic a n t from 
female to  oothecae an im portan t f a c to r  in  c o n tro l l in g  o o th eca l h a tch .
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A dult males were exposed to  d e p o s its  o f  amorphous s i l i c a s  in  con tinuous 
and d isco n tin u o u s c o n ta c t b io assa y s . Homogeneous b io assay  r e s u l t s  were 
g e n e ra lly  o b ta in ed  in  th e  con tinuous b io assay s  and th e  LC50 ’ s  o f  
s i l i c a s  g e n e ra lly  in c rea sed  w ith  o i l  a d so rp tio n  c a p a c ity  o f  th e  d u s ts .  
D iscontinuous b io assay s  (1 .5 -60  min) showed g re a te r  v a r i a b i l i t y  due to  
removal o f  th e  d e p o s it from body and appendages by cockroaches. P ick-up  
o f  3 d u s ts  by cockroaches in  sm all a ren as over a  3 h p e rio d  was a ls o  
r e la te d  to  th e i r  r e l a t iv e  t o x i c i t i e s .  The to x ic i ty  o f s i l i c a  d u s ts  in  
h a l f - t r e a te d  ch o ice  boxes under re d  l i g h t  v a r ie d  w ith  r e l a t i v e  hum id ity  
and was e f f e c t iv e ly  e lim in a ted  a t  95% r .h .  o r when f re e  w ater 
provided in  th e  a re n a s . Cockroaches tended  to  accum ulate in  th e  
u n tre a te d  s id e  o f  th e  box w ith in  1 h o f  being in troduced  in to  th e  
a ren a .

The r e l a t iv e  to x ic i ty  (24 h) o f  a  number o f  p y re th ro id  in s e c t ic id e s  to  
male a d u lts  was determ ined when th e  compounds were form ulated  e i th e r  on 
one to x ic  s i l i c a s  o r  on t a l c ,  u s ing  a  d isco n tinuou s c o n ta c t b io assa y  
w ith  3 min exposure . The s i l ic a -b a s e d  fo rm u lation s were a p p re c ia b ly  
more to x ic  th an  th e  ta lc -b a se d  ones a t  a  d u s t c o n c e n tra tio n  o f  1 g/m2 . 
The s u i t a b i l i t y  o f  s i l ic a -b a s e d  d u s ts  fo r  cockroach c o n tro l i s  
d iscu ssed .
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CHAPTER 1

GENERAL INTRODUCTION

1.1  The German cockroach a s  a  p e s t  sp ec ie s

Cockroaches a re  an a n c ie n t group o f  in s e c ts  w ith  o r ig in s  d a tin g  back to  
th e  C arbon iferous p e rio d , a t  which tim e th ey  appear from th e  f o s s i l  
reco rd  to  have been ex trem ely  abundant. The m a jo rity  o f  modem sp ec ie s  
a re  t r o p ic a l  o r  s u b - tro p ic a l  and have no known a s s o c ia t io n  w ith  man o r  
h i s  d w e llin g s , b u t seven sp e c ie s  a re  f re q u e n tly  found in  b u ild in g s  and 
a re  regarded  a s  im portan t p e s ts  and a  number o f  o th e rs  have a  lo o se r  
a s s o c ia tio n  w ith  dom estic environm ents and a cq u ire  p e s t  s t a tu s  on a  
more i r r e g u la r  b a s is .

The German cockroach B l a t t e l l a  g e rm a n ic a  (Linnaeus) i s  regarded  a s  
o r ig in a tin g  in  N.E. A frica  between th e  g re a t  A frican  la k e s , E th io p ia  
and Sudan (Cornwell, 1968) and to  have been tra n sp o r te d  to  e a s te rn  
Europe along  tra d e  ro u te s  which took i t  in to  A sia M inor, th e  B lack Sea 
reg io n  and so u thern  R ussia , and from thence in to  w estern  Europe. I t  i s  
supposed to  have a r r iv e d  in  England com paratively  r e c e n tly  in  b read  
b a sk e ts  c a r r ie d  by s o ld ie r s  re tu rn in g  from th e  Crimean war (M iall and 
Denny, c i t e d  in  Cornwell, 1968). I t  was reco rded  a s  a  p e s t  o f  houses 
in  A u s tra l ia  by 1893, became e s ta b lis h e d  in  North America d u rin g  th e  
e a r ly  p a r t  o f  t h i s  cen tu ry , and i s  now regarded  a s  a  t r u l y
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cosm opolitan p e s t  sp e c ie s , capab le  o f  f lo u r is h in g  in  any b u ild in g  which 
i s  m ain tained  a t  a  tem peratu re  between approxim ately  24° and 33° C and 
where th e re  i s  f re e  food and w ate r a v a i la b le .

1 .2  Cockroaches a s  p a ss iv e  v e c to rs  o f  d ise a se

Any in s e c t  which i s  synan th rop ic  w ith  man and has omnivorous e a tin g  
h a b its  has th e  p o te n t ia l  to  a c t  a s  a  r e s e rv o i r  and p assiv e  v e c to r  o f  
b a c te r ia  and o th e r  m icroorganism s; however, th e  m ajor p e s t  sp e c ie s  o f  
cockroach have a  p r e d i l i c t io n  fo r  harbouring  o r  feed ing  .in prer’i s e ly  
th o se  environm ents (sew ers, d ra in s ,  ru b b ish  and d e t r i t i s )  which make 
them most l i k e ly  to  accum ulate d is e a s e  organism s in  t h e i r  g u t and on 
t h e i r  appendages and th u s  to  contam inate  t h e i r  environm ent when 
ex p lo rin g  and fo rag in g  f o r  food and w a te r. While th e  p resence  o f  a  
wide v a r ie ty  o f  m icroorganism s ( b a c te r ia l ,  v i ru s e s , p ro tozoa) has been 
dem onstrated in  th e  g u t and on th e  b o d ies  o f  cockroaches tak en  from 
such environm ents i t  has been d i f f i c u l t  to  dem onstrate u nequ ivoca lly  
th a t  d ise a se  tran sm iss io n  by th e  in s e c ts  has occu rred  in  p a r t i c u la r  
in s ta n c e s , a lthough  a  number o f  examples a re  known o f  th e  n o n -sp e c if ic  
involvem ent o f  cockroaches in  ou tb reaks o f  human d ise a se , p a r t i c u la r ly  
o f  th e  excrement group. A la rg e  body o f  c irc u m s ta n tia l  evidence p o in ts  
to  th e  in s e c t  a s  an e f f i c i e n t  c a r r i e r  and an im portan t c o n tr ib u to ry  
f a c to r  in  d is e a se s  tran sm iss io n  (C ornw ell, 1968; B urgess, 1984).
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In  a d d it io n  to  t h e i r  r o le  a s  d ise a se  c a r r i e r s ,  cockroaches a ls o  p re se n t 
a  p o te n t i a l ly  s e r io u s  h e a l th  r i s k  to  a l l e r g i c  in d iv id u a ls  l iv in g  in  
ro ach - in fe s te d  environm ents. S tu d ie s  by Richman e t  a l .  (1984) have 
shown th a t  whole bod ies and c a s t  sk in s  o f  German cockroaches c o n ta in  
p o te n t a l le rg e n s ,  w ith  faeces  and egg c a se s  a s  c o n tr ib u to ry  so u rces . 
C ast sk in s  f re q u e n tly  d i s in te g ra te  and become a e ro so liz e d  in  d is tu rb e d  
su rro u n d in g s. Stankus and O’N eil (1988) showed th a t  48% o f  a  group o f  
predom inantly  in n e r - c i ty  su b je c ts  a tte n d in g  an a d u lt  a l le r g y  c l i n i c  in  
New O rleans had immediate cutaneous r e a c t iv i ty  to  crude American 
cockroach e x t r a c t s , arid M orris e t  a l . (1986) in  a  s tu d y  o f  45 
in n e r - c i ty  c h ild re n  w ith  p e re n n ia l r h i n i t i s  a n d /o r asthma found t h a t  
29% who were sk in  t e s t  n eg a tiv e  to  house d u s t were p o s i t iv e  to  
cockroach e x t r a c t .

1 .3  C on tro l m easures:

The g e n e ra l p u b lic  i s  n o t a s  aware o f  th e  h e a lth  dangers o f  cockroaches 
a s  th e y  a re  o f  f l i e s  (which have a  s im i la r  c a p a c ity  to  a c t  a s  p a ss iv e  
d is e a se  v e c to r s ) p o s s ib ly  because o f  t h e i r  n o c tu rn a l h a b it  and la c k  o f  
v i s i b i l i t y  (Wood e t  a l .  1981). N ev erth e less  th e re  i s  a  g e n e ra l d i s l i k e  
o f  cockroach in f e s ta t io n s  in  dom estic and commercial environm ents even 
though t h i s  may vary  co n sid e ra b ly  from person  to  person . Zungoli and
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Robinson (1984) a ttem p ted  to  d e fin e  and measure an " a e s th e t ic  in ju ry  
le v e l"  (comparable to  th e  economic th re sh o ld  le v e ls  o f  c rop  p e s ts )  f o r  
cockroach in fe s ta t io n s  in  American c i t i e s  b u t found i t  q u i te  v a r ia b le ,  
th e  la r g e r  th e  in f e s ta t io n  th e  g re a te r  th e  to le ra n c e  to  scxne le v e l  o f  
p e s t  in f e s ta t io n .  A re c e n t survey by Robinson and Bao (1988) in  
Hangzhou, China rev e a le d  alm ost id e n t ic a l  knowledge o f  and a t t i t u d e s  to  
cockroaches a s  in  th e  American stu d y . I t  seems l i k e ly  th a t  a s  s tan d ard s  
o f  hygiene in c re a se  in  any community to le ra n c e  o f  p e s ts  w i l l  d ec rease , 
b u t th a t  p e s t  c o n tro l programmes need to  be designed  to  meet s p e c if ic  
a t t i tu d e s  and requ irem ents which may v a ry  w idely  from one group to  
an o th er.

Both in ciden ce  o f  cockroach in fe s ta t io n s  in  dom estic environm ents and 
su c c e ssfu l c o n tro l have a  h igh  c o r r e la t io n  w ith  in d ic e s  o f  c le a n l in e s s ,  
s a n i ta t io n  and dom estic c l u t t e r  (B ennett, 1978; S ch al, 1988) and much 
can be done in  most s i tu a t io n s  where in f e s ta t io n s  occur to  d ep riv e  
cockroaches o f  ready  a ccess  to  harbourages, food so u rces and w ate r.
Such methods a re  long term , and in  sane s i tu a t io n s  im p ra c tic a b le , a s  
th ey  would invo lve  m ajor s t r u c tu r a l  changes (b u ild in g s  r a r e ly  being  
designed  w ith  fu tu re  in f e s ta t io n  in  m ind). C onversely , th e  use  o f  
in s e c t ic id e s  p rov ides a  ra p id  and o f te n  h ig h ly  v i s ib l e  means o f  k i l l i n g  
cockroaches. The p e s t  c o n tro l in d u s try  has th u s  t r a d i t i o n a l l y  r e l i e d  
on f a s t - a c t in g  n eu ro to x ic  in s e c t ic id e s  a p p lie d  a t  re g u la r  in te r v a ls  a s  
re s id u a l  d e p o s its  to  su rfa c e s  and in to  harbourages a s  th e  p r in c ip a l
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component o f  cockroach c o n tro l m easures, and i t  i s  on ly  re c e n tly ,  w ith  
in c rea sed  concern abou t th e  s a fe ty  o f  such measures in  dom estic o r  
h o s p i ta l  environm ents to g e th e r  w ith  th e  in c re a se  in  r e s is ta n c e  to  
p a r t ic u la r  p ro d u c ts , t h a t  th e  use  o f  a l te r n a t iv e  s t r a te g ie s  o f  c o n tro l 
and novel ty p es o f  chem ical a c t io n  have been s e r io u s ly  in v e s tig a te d . 
Developments in  t h i s  a re a  have been g r e a t ly  s tim u la te d  by th e  p re se n t 
and p ro je c te d  in c re a se s  in  th e  m arket f o r  cockroach c o n tro l  p ro d u c ts , 
p a r t ic u la r ly  in  th e  USA. Thus Robinson and Zungoli (1985) d iscu sse d  
th e  development o f  in te g ra te d  c o n tro l progranmes fo r  German cockroach 
c o n tro l in  m u ltip le -u n it  dw ellings which in co rp o ra ted  surveys o f  
a t t i tu d e s  among te n n a n ts , r e s is ta n c e  le v e ls  to  in s e c t ic id e s  in  th e  p e s t 
p o p u la tio n , an education  programme f o r  th e  te n n a n ts , a  t r a in in g  
programme fo r  management and p e s t  c o n tro l  p e rso n n e l, s p e c i f ic  c o n tro l 
programmes in vo lv ing  more th an  one ty pe  o f  p e s t ic id e  and a p p lic a tio n  
method, and a  p o s t- tre a tm e n t e v a lu a tio n  o f  th e  programme.

1 .3 .1  R esidual d e p o s its  o f  n e u ro a c tiv e  in s e c t ic id e s

Since th e  i n i t i a l  development o f  th e  s y n th e tic  o rgan ic  in s e c t ic id e s  
a c tin g  on th e  in s e c t  nervous system  d u rin g  th e  1940*s  cockroach c o n tro l 
has been la rg e ly  a  p ro cess o f  app ly ing  re s id u a l  d e p o s its  o f  
o rg an o ch lo rin e , carbam ate, organophosphorus, o r pyretiii-o id  in s e c t ic id e s  
to  fo c i  o f in f e s ta t io n  in  b u i ld in g s , supplem ented on occasions by th e
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use  o f  fogging a e ro so ls  o f  n o n -p e rs is te n t p roducts such a s  a l l e t h r i n  o r  
d ic h lo rv o s . Table 1.1 shows th e  p r in c ip a l  in s e c t ic id e s  used  f o r  
cockroach c o n tro l ,  a lthough  n o t a l l  th e se  p roducts a re  approved fo r  use 
in  a l l  c o u n tr ie s . When a  to x ic  dose o f  such in s e c t ic id e s  i s  p icked  up, 
cockroaches show c h a r a c te r i s t i c  symptoms o f  h y p e ra c t iv ity  (C arle ,
1982; H u tze l, 1942) fo llow ed by knockdown in  which th e  in s e c t  i s  
in cap ab le  o f  co o rd in a ted  movement and norm ally  on i t s  back, and dea th  
u s u a l ly  w ith in  12-24 h (Cornwell, 1976; Chadwick, 1979).

There have been th re e  m ajor drawbacks to  th i s  approach to  th e  c o n tro l 
o f  g e rw a n ic a : f i r s t l y  th e  ra p id  g e n e ra tio n  tim e o f  th e  sp e c ie s  has
le d  to  th e  development o f  r e s is ta n c e  to  p a r t ic u la r  p rodu cts  by 
mechanisms which make th e  s e le c te d  p o p u la tio n s  c r o s s - r e s i s t a n t  to  o th e r  
compounds in  th e  same, and sometimes o th e r , chem ical groups; secondly , 
a  c h a r a c t e r i s t i c  a c t io n  o f  a c u te ly  n eu ro to x ic  in s e c t ic id e s  on fem ale B . 

g e rm a n ic a  c a rry in g  an ootheca in  t h e i r  g e n i ta l  pouch i s  to  make them 
drop th e  oo th eca  p rem atu re ly , p o s s ib ly  in  an in a c c e s s ib le  harbourage. 
P rovided th ey  a re  beyond a  c r i t i c a l  p e r io d  o f developm ent, a  la rg e  
p ro p o rtio n  o f  such oo th ecae  su bsequen tly  ha tch  (Barson and Renn, 1983), 
p rov id in g  a  new focus o f  in fe s ta t io n  and a  reason  to  c a l l  th e  p e s t  
c o n tro l o p e ra to r back fo r  a  subsequent trea tm en t c y c le .
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1.3.2 Resistance development

R esis tan ce  to  chem ical in s e c t ic id e s  in  p e s t  pop u la tio n s i s  an a sp e c t o f 
th e  e v o lu tio n a ry  p ro cess  by which organism s adap t to  changing 
environm ents through a  s e le c t io n  p ro c e ss . The a c q u is i t io n  o f  
r e s is ta n c e  occurs th rough th e  s u rv iv a l  o f  p a r t ic u la r  in s e c ts  in  an 
in s e c t i c id e - t r e a te d  environment a s  a  r e s u l t  o f th e  p o sse ss io n  o f  a  
p a r t i c u la r  gene (through normal randcxn m utation  p ro cesse s) which 
co n fe rs  g r e a te r  f i tn e s s  in  th a t  environm ent. There i s  no evidence to  
su ggest th a t  in s e c t ic id e s  cause m uta tions which r e s u l t  in  such f i t n e s s .  
Following su rv iv a l ,  th e  normal ru le s  o f  Mendelian in h e r ita n c e  govern 
th e  tra n sm iss io n  o f  th e  f i tn e s s  gene w ith in  th e  p o p u la tio n . The ra p id  
g e n e ra tio n  tim e and freq u en t occu rrence  o f  i s o la te d  p o p u la tio n s  o f  B . 

g e rm a n ic a  bo th  a id  th e  ra p id  in c re a se  in  r e s is ta n c e  le v e ls  in  
p o p u la tio n s  su b je c ted  to  in te n se  s e le c t io n  p re ssu re  from in s e c t ic id e  
a p p lic a tio n .

The e x te n t o f  r e s is ta n c e  to  co n v en tio n a l in s e c t ic id e s  in  B . g e rm a n ic a  

i s  d i f f i c u l t  to  a s se s s  s in c e , a lth ough  i t  has been e x te n s iv e ly  
documented in  th e  USA (Grayson, 1966), and to  a  le s s e r  e x te n t in  th e  UK 
(Green e t  a l . , 1961; Barson and McCheyne, 1978) and Denmark (K eiding, 
1964), th e  lack  o f  r e p o r ts  from o th e r  l o c a l i t i e s  may r e f l e c t  inadequate  
m onitoring  r a th e r  than  con tinued  su ccess w ith  p a r t i c u la r  p ro d u c ts . B . 

g e rm a n ic a  i s  a  ra p id  b reed e r, and when heavy s e le c t io n  p re ssu re  i s
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a p p lie d  w ith  in s e c t ic id e s  r e s is ta n c e  appears to  appear q u i te  r a p id ly , 
b o th  in  la b o ra to ry  experim ents and in  th e  f i e ld .

R es is tan c e  to  ch lo rdane was recogn ised  a t  a  s i t e  in  Texas in  1951, on ly  
a  y ear o r  two a f t e r  th e  in tro d u c tio n  o f  th e  compound f o r  cockroach 
c o n tro l  (Heal e t  aZ ., 1953) and a s  each su ccessiv e  group o f  a cu te  
n e u ro to x ic an ts  has been in troduced  r e s is ta n c e  has appeared a t  a  lo c a l  
le v e l ,  r e f le c t in g  th e  in te n s i ty  and th e  d u ra tio n  o f  i t s  u se .
Mechanisms o f  r e s is ta n c e  have been in v e s tig a te d  in  some s t r a in s ,  and 
two which a re  regarded  a s  p a r t ic u la r ly  im portan t a re  k d r  (a  d ecrease  in  
s e n s i t i v i t y  o f  th e  nervous system  p a r t i c u la r ly  tr , pyre  th ro  m s) (Scott;, 
1987), and enhanced microsomal ox idase  le v e ls  g iv in g  b road  
c ro s s - r e s is ta n c e  over a  number o f  d i f f e r e n t  chem ical ty p es  (Cochran, 
1987). R es is tan ce  to  th e  carbam ate c a rb a ry l in  one s t r a i n  o f  B . 

g e rm a n ic a  was a sc r ib e d  to  a  reduced r a t e  o f  p e n e tra t io n  through th e  
c u t i c le  (Ku and B ishop, 1967).

1 .3 .3  B a itin g

The developm ent o f  concern about th e  to x ic  hazard  o f  re s id u a l d e p o s its  
o f in s e c t ic id e s  in  dom estic and c e r ta in  o th e r  environm ents (zoos, 
anim al houses, food p re p a ra tio n  and p ro cessin g  a re a s , a i r c r a f t )  has le d  
to  a  renewed in t e r e s t  in  th e  use o f  b a i t s  fo r  cockroach c o n tro l s in c e
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th ey  can be m anufactured in  th e  form o f  se a led  c o n ta in e rs  which a re  
unopenable by c h ild re n  o r  p e ts ,  w ith  sm all openings a c c e s s ib le  on ly  to  
cockroaches.

There have been a  number o f  in v e s tig a t io n s  in to  th e  p o te n t ia l  fo r  
making b a i t  fo rm u la tio n s a t t r a c t iv e  to  cockroaches a t  a  d is ta n c e  by 
in co rp o ra tin g  food components w ith  th e  in s e c t ic id e .  T su ji (1985) 
c l a s s i f i e d  such compounds a s  v o l a t i l e  o l fa c to ry  s t im u la n ts  (such a s  
hexane e x tr a c ts  o f  bran) o r  g u s ta to ry  s tim u la n ts  (such a s  su g a rs ) . As 
a l l  th e  p e s t  sp e c ie s  o f  cockroaches a re  omnivorous i t  i s  n o t sd p ris in g  
th a t  eoropc^mds have y e t to  be found which a re  e i th e r  s p e c ie s - s p e c if ic  
(a lthough A dler (1985) claim ed th a t  a  product c a l le d  "D ried D i s t i l l e r s  
G rain" was s p e c i f i c a l ly  a t t r a c t iv e  to  th e  Brown Banded cockroach) o r  
u n ique ly  a t t r a c t iv e .  R ust and R eierson  (1981) re p o rte d  th a t  su c c e ss fu l 
b a i t in g  was more in flu en ce d  by p o s itio n in g  o f b a i t  s t a t io n s  r e l a t iv e  to  
harbourages and cockroach runs than  th e  com position o f  th e  fo rm u la tion , 
and dem onstrated th a t  cockroaches which had food and harbourages 
a v a i la b le  to  them were n o t a t t r a c t e d  even sh o rt d is ta n c e s  to  m a te r ia ls  
used in  commercial b a i t s .  An a l te r n a t iv e  approach used  in  iodofenphos 
b a i t s  was to  p rep are  a  d i lu t e  g e l c o n ta in in g  th e  in s e c t ic id e  and r e ly  
on th e  requirem ent o f  B . g e rm a n ic a  f o r  freq u en t access  to  w ater to  
se rv e  a s  a  stim u lus to  sample th e  m a te r ia l  (Cornw ell, 1976).

B a itin g  can be a  su c c e ss fu l component o f  a  cockroach c o n tro l  s t ra te g y ,
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and c u rre n t i n t e r e s t  in  i t  has s tim u la te d  th e  development o f  new 
p roducts based on uncouplers o f  o x id a tiv e  pho spho ry la tion  which a c t  a s  
delayed  to x ic a n ts  s u i ta b le  f o r  u se  in  b a i t  s ta t io n s  and which do n o t 
l im i t  in g e s tio n  because o f  immediate n eu ro to x ic  e f f e c t s  on th e  
g u s ta to ry  system . Two compounds o f  t h i s  ty p e , hydram ethylnon and 
su lf lu ram id  (Reid e t  a i . ,  1990), have been m arketed in  th e  USA, and one 
was in v e s tig a te d  in  th e  p re se n t work to  exp lo re  th e  l im i ta t io n s  o f  th e  
b a i t in g  approach due to  la ck  o f  e f f e c t  on oothecae c a r r ie d  by poisoned 
a d u lt  fem ales.

1 .3 .4  In te g ra te d  s t r a te g ie s

The major methods o f  using  in s e c t ic id e s  to  c o n tro l cockroaches each has 
i t s  own advantages and d isad v an tag es , and th e re  i s  an obvious case  f o r  
desig n in g  s t r a te g ie s  which employ o p tim ised  com binations o f  them fo r  
p a r t ic u la r  in f e s ta t io n  s i tu a t io n s .  Such s t r a te g ie s  can be combined 
w ith  o th e r  te ch n iq u es , such sis harbourage l im i ta t io n ,  s a n i ta t io n ,  
ed u ca tio n , su rvey  work and in f e s t a t io n  m onitoring f o r  maximum 
e ffe c t iv e n e s s . In te g ra te d  c o n tro l programmes o f  t h i s  ty pe  have been 
d e sc rib e d  by Robinson and Zungoli (1985) f o r  in fe s te d  apartm ent b locks 
in  N orfolk, V irg in ia  (USA) and by B easley  e t  a l . (1988) fo r  apartm ent 
b locks in  M anchester, UK. In  both c a s e s , th e  same approach was 
adopted: th e re  was an i n i t i a l  m onito ring  program, which in  th e
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American s tudy  in cluded  a  d e te rm in a tio n  o f  th e  in s e c t ic id e  r e s is ta n c e
p r o f i l e ,  and t h i s  was follow ed by a  programme o f  r e s id e n t  ed u catio n
in v o lv in g  d isc u ss io n  groups and in fo rm atio n a l l i t e r a t u r e .  The
personn el invo lved  in  th e  c o n tro l  programme were g iven  tr a in in g  in  th e
e f f e c t iv e  a p p lic a tio n  o f  p e s t ic id e s ,  and th i s  was fo llow ed by a  

V-se q u e n tia l  {jogramme o f  p e s t ic id e  a p p lic a tio n  w ith  fo rm u la tion s designed  
to  match th e  d i f f e r e n t  environm ents and harbourages w ith in  th e  in fe s te d  
b lo ck s . I n f e s ta t io n  m onitoring and r e s id e n t p a r t ic ip a t io n  was 
con tinued  fo r  some tim e a f t e r  th e  a p p lic a tio n  programme had f in is h e d .

In te g ra te d  approaches have obvious advantage:- over the oiece-zneal 
c o n tra c ts  g iven  to  many p e s t  c o n tro l  companies, and th e  o p p o r tu n itie s  
fo r  su c c e ssfu l c o n tro l  o r e ra d ic a tio n  have been s ig n i f i c a n t ly  in c rea se d  
by th e  re c e n t a v a i l a b i l i t y  o f  e f f e c t iv e  re s id u a l  juveno id  in s e c t ic id e s  
which s t e r i l i s e  a d u lt  female cockroaches when a p p lie d  to  th e  l a s t  
nymphal s ta g e  (S ta a l e t  a J . ,  1985) and by th e  d e la y e d -ac tio n  
r e s p ir a to r y  in h ib i to r s  a p p lied  in  b a i t  form re fe r r e d  to  above.

Use o f  in s e c t ic id e s  o f  v a rio u s  ty p es  and a p p lie d  in  v a rio u s  ways w i l l  
co n tin u e  to  be th e  p r in c ip a l  method o f  cockroach^in th e  fo rse e a b le  
fu tu re ,  and i t  i s  th e re fo re  im portan t to  acq u ire  a s  much knowledge a s  
p o s s ib le  about t h e i r  a c tio n  in  r e l a t io n  to  th e  b io lo g y  and behaviour o f  
p e s t  sp ec ie s  in  t h e i r  n a tu ra l  h a b i t a t  -  which i s  th e  dom estic 
environm ent o f  man. I t  i s  hoped th a t  th e  work d e sc rib e d  in  th e  p re se n t
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th esis  w ill be regarded as a small contribu tion towards th is  goal.

1 .4  Aims o f  th e  th e s i s

In te g ra te d  approaches to  cockroach c o n tro l  re q u ire  th e  l im i ta t io n s  and 
advantages o f  each component o f  th e  s t r a te g y  to  be re sea rch ed . T his 
th e s i s  d e sc rib e s  p re lim in a ry  work to  c h a ra c te r is e  th e  s t r a in  o f  B . 
g e iw a n ic a  used  and to  in v e s tig a te  a sp e c ts  o f  i t s  developm ent, and th en  
d isc u sse s  in v e s t ig a t io n s  in to  a sp e c ts  o f  th e  use o f  th re e  such 
components: re s id u a l p y re th ro id  in s e c t ic id e s ;  d e la y e d - to x ic i ty  ba il;
fo rm u la tion s; and s i l i c a  d u s ts . The d e ta i le d  aims w ith in  each o f  th e se  
a re a s  were a s  fo llo w s:

1. to  c h a ra c te r is e  th e  p ro d u c tiv ity  and development tim es o f  nymphal 
s tag e s  o f th e  co lony  o f  B . g e rm a n ic a  u s in g  a  c u l tu re  method in  which 
synchronous p o p u la tio n s  were rea red ;

2. to  in v e s t ig a te  th e  e f f e c t  o f  nymphal crowding on developm ent, w ith  
th e  aim o f  c h a ra c te r is in g  d en sity -dependen t m o r ta l i ty  in  synchronous 
p o p u la tio n s ;

:'t. to  develop a b io assay  system w ith  which to  id e n ti fy  any changes in  
th e  lig h t-a v o id a n c e  re a c tio n  o f  a d u l t  B . g erm an ica . fo llow ing  tre a tm e n t
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with a residual pyrethroid in sectic id e;

4. to  s tudy  th e  tim ing  and e x te n t o f  oo theca l h a tch in g  fo llow ing  
trea tm en t o f  a d u l t  fem ales c a rry in g  oothecae a t  d i f f e r e n t  s ta g e s  o f  
development w ith  two d e la y e d - to x ic i ty  b a i t  fo rm u la tio n s: hydram ethylnon 
and b o r ic  a c id ;

5. to  in v e s t ig a te  th e  response o f  B . g e rw a n ic a  to  d e p o s its  o f 
amorphous s i l i c a s ,  and to  desig n  b io assay s  w ith  which to  s tudy  th e  
in t r in s i c  to x ic i ty  o f  d i f f e r e n t  ty p es o f amorphous s i l i c a ;

6. to  compare th e  to x ic i ty  o f  r e s id u a l  p y re th ro id s  adsorbed on to x ic  
d e s ic c a n t s i l i c a s  and on t a l c ,  and to  in v e s t ig a te  th e  com parative 
p ick -up  o f such fo rm u la tion s by B . g e rm a n ic a  in  sm all a re n a s .
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Table 1.1 Insecticides used fo r cockroach control
chem ical type in s e c t ic id e a p p lic a tio n

organophosphorus e s te r acephate re s id u a l
c h lo rp y rifo s tv
d iaz in o n If
d ich lo rv o s vapour phase
d ioxacarb re s id u a l
f e n i tro th io n It
iodofenphos g e l b a i t
m alath ion re s id u a l
p irim iphos m ethyl t»
propetamphos if

carbam ates bend iocarb re s id u a l
d ioxacarb tl
propoxur ft

p y re th ro id s b io resm eth rin ae-i'osol
a lphacypenneth rin re s id u a l
cyperm ethrin ft
d e ltam e th rin vt
p en n e th rin tt
p y re th r in s f lu sh in g  ag en t
te tra m e th r in ft
lam bdacyhalothrin re s id u a l
c y f lu th r in ff

juvenoids hydroprene re s id u a l
fenoxycarb fl

r e s p ir a to ry  in h ib i to r s hydramethylnon b a i t
su lf lu ra m id ft

o th e r s i l i c a  d u s t re s id u a l
b o r ic  a c id b a i t / r e s  idua.l
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CHAPTER 2
ASPECTS OF THE BIONOMICS OF BLATTELLA GERMANICA (L .) 

IN LABORATORY CULTURE

2.1  In tro d u c tio n

B l a t t e l l a  g e rm a n ic a  ach ieves i t s  p e s t  s t a tu s  n o t l e a s t  because o f  th e  
a b i l i t y  o f  re s id u a l  p o p u la tio n s  to  su rv iv e  changing and p o te n t ia l ly  
adverse  c o n d itio n s . This a d a p ta b i l i ty  makes i t  d i f f i c u l t  to  p r e d ic t  o r  
an a ly se  th e  growth o f  f i e l d  p o p u la tio n s , h a b i ta t s  being  h ig h ly  v a r ia b le  
and development co rrespo nd in g ly  a d ju s te d  to  th e  lo c a l  environm ent.
Only in  th e  c o n tro l le d  c o n d itio n s  o f  la b o ra to ry  c u l tu re  i s  i t  p o s s ib le  
to  produce d e f in i t iv e  d a ta  on r a t e s  o f  growth through th e  nymphal 
s ta g e s  and on th e  fec u n d ity  o f  a d u l t s .  E x is tin g  in fo rm ation  on th e  
bionom ics o f  th e  sp e c ie s  i s  w idely  s c a t te r e d  in  th e  l i t e r a t u r e ,  and has 
been review ed by Cornwell (1968).

The d a ta  on th e  development and fe c u n d ity  o f  th e  colony o f  B . g e rm a n ic a  

used in  th e  c u r re n t  s tu d ie s  was produced fo r  two rea so n s . F i r s t l y  i t  
was con sid e red  th a t  th e  colony was h ig h ly  p ro d u c tiv e  under th e  c u l tu re  
c o n d itio n s  used  compared w ith  a  number which have been d e sc rib e d  in  th e  
l i t e r a t u r e ,  and d e f in i t io n  o f  th e  c u l tu re  method, which cou ld  produce 
nymphe and a d u lts  a t  d e fin e d  s ta g e s  o f  growth, cou ld  be u s e fu l to  o tn e r  
workers in  t h i s  a re a ; secondly  i t  was hoped to  accum ulate s u f f i c ie n t
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d a ta  to  d e f in e  a  density -dependen t model o f p o p u la tio n  growth f o r  th e  
sp e c ie s , even though such a  model would be lim ite d  to  d e fin in g  growth 
under op tim al c o n d itio n s . Such a  model i s  seen a s  an in c re a s in g ly  
im portan t re se a rc h  to o l  in  th e  in v e s t ig a t io n  o f in te g ra te d  c o n tro l 
s t r a te g ie s  u sing  d i f f e r e n t  ty p es  o f  in s e c t ic id e  (a c u te ly  to x ic  r e s id u a l  
compounds, s lo w -ac tin g  b a i t s  and juveno ids a c tin g  a s  c h e m o s te r i la n ts ) .

2 .2  M a te r ia ls  and Methods

2 .2 .1  C u ltu re  :>£ D . g e m & n ic a

The colony  o f  B . g e im a n ic a  ( L . ) was o b ta in ed  from R en tok il 
L a b o ra to rie s , E ast G rin s tead  in  November 1986. I t  i s  regarded  a s  a  
s u s c e p tib le  s t r a in ,  having been m ain ta ined  a t  R en tok il fo r  a  nunber o f  
y ea rs  and used a s  such fo r  s tan d ard  in s e c t ic id e  t e s t in g  p roced u res.
The cockroaches were re a re d  a t  28-30° C in  a  LD 12:12 l i g h t  c y c le . 
Humidity in  th e  re a r in g  roan  was low (< 40%) to  m inim ise th e  
p o s s ib i l i t y  o f  m ite  in fe s ta t io n s  developing  and sp read in g , and to  
reduce s u rv iv a l o f  escapees.

C u ltu re  t i n s  were 5 l i t r e  p a in t  t i n s  w ith  th e  c e n t r a l  p a r t  o f th e  l i d  
rep la c e d  w ith  f in e  copper mesli. Each t i n  s tood  in  a  shallow  c o n ta in e r  
o f  l iq u id  p a r a f f in  to  p rev en t escapes.
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The c a l f  p e l l e t s  used  f o r  food were o b ta in ed  from G rain H arv es te rs  L td . 
and analy sed  a s :  o i l  (2.5%), p ro te in  (15.5%), f ib r e  (5.5%), ash  (6.0%), 
v itam in  A (10000 iu /k g ) , v itam in  D3 (300 iu /k g ) ,  v itam in  E (60 .0  iu /k g ) 
and selenium  (0 .1  mg/kg) (m a n u fa c tu re rs  d a ta ) .

C u ltu rin g  was c a r r ie d  o u t on a  weekly b a s is  a s  fo llo w s:

Newly emerged m ales and fem ales a d u lts  were removed from t i n s  
co n ta in in g  7 week o ld  nymphs fo llow ing  OO2 a n a e s th e t is a t io n . Paper 
harborages, w ater and food p o ts , and f i l t e r  paper base  were removed, 
any cockroaches s t i l l  a tta c h e d  being  shaken o f f .  A dults were th en  
se p a ra te d  from VI in s t a r  nymphs, removed u s in g  s o f t  fo rcep s and p laced  
in  a d u lt  t i n s  ( fem ales a lo n e , m ales a lone  and mixed fem ales and m ales). 
Females a lre a d y  c a rry in g  00th ecae  were se p a ra te d  and d estro y ed  a t  t h i s  
p o in t. Approxim ately 200 a d u lts  were p u t in to  each t i n .  Hie c u l tu re  
norm ally  produced 400 mixed a d u lts  each week to  co n tin u e  th e  c u l tu re ,  
to g e th e r  w ith  400 m ales p lu s  400 fem ales in  s e p a ra te  t i n s  fo r  
experim ents. Cockroaches produced in  excess o f  th e se  numbers were 
k i l l e d  and d isposed  o f  w ithou t being  s o r te d . T ins c o n ta in in g  l a s t  
in s ta r  nymphs which had n o t m oulted to  a d u lts  were amalgamated in to  a  
s in g le  new nymph t i n  and re tu rn e d  to  th e  c u l tu re  f o r  s o r t in g  th e  
fo llow ing  week. New re a r in g  t i n s  co n ta in ed  a  c lo se  f i t t i n g  f i l t e r  
paper base , an 8 oz j a r  co n ta in in g  w ater and f i t t e d  w ith  an abso rben t
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c o tto n  wool p lug , a  sm all t r a y  co n ta in in g  approxim ately  25 g o f 
s t e r i l i s e d  c a l f  p e l l e t s ,  and a  fo ld ed  paper harbourage (approxim ately  
10 x 20 cm).

"Hatching t in s "  were s e t  up by p lac in g  about 30 o o th ecae-carry in g  
fem ales in to  a  sm all b reed ing  cage (F igure  2 .1 ) to g e th e r  w ith  a  sm all 
w ater d isp e n se r  and a  few p e l l e t s  o f  c a l f  food. The fem ales chosen 
c a r r ie d  oothecae which showed a  green l i n e  o f meconium under th e  brown 
cas in g , such oothecea being expected  to  hatch  w ith in  a  week. The 
w ater d isp e n se r was a  20 ml specimen tube  provided w ith  an abso rben t 
cotton, wool p ]us in s e r te d  in  th e  to p . T his plug was pushed in  t i g h t  
was f lu s h  w ith  th e  neck o f  th e  b o t t l e  so th a t  sm all nymphs would n o t 
become en tang led . The b reed ing  cage was p laced  in  a  p repared  t i n  on 
su ppo rts  to  a llow  emerging nymphs to  escape.

The breeding  cages from corresponding  t i n s  s e t  up th e  p rev ious week 
were shaken and removed, young nymphs being  g e n tly  brushed from th e  
cages in to  th e  t i n s .  Females s t i l l  c a rry in g  oothecea in  th e  breeding  
cage were t r a n s fe r r e d  to  a  new cage o r  d estro y ed . A f re sh  w ater 
b o t t l e ,  a  c o n ta in e r  o f  c a l f  p e l l e t s ,  and a  fo ld ed  harbourage were 
added to  th e  t i n ,  which was th en  la b e l le d .

L i n s  co n ta in in g  developing  nymphs were checked, and w ater and food 
rep len ish ed  a s  re q u ire d . Carbon d io x id e  was used a s  l i t t l e  as  p o s s ib le
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1 0  cm

F i g u r e  2 .1  C u l t u r e  t i n  ( a ) ,  h a t c h i n g  t i n  ( b )  
a n d  h a b o u r a g e  ( c ) .
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a n d  o n l y  f o r  l a t e r  s t a g e s  ( I V  -  V I ) .

Each t i n  was la b e l le d  w ith  a  re fe re n c e  number, th e  d a te  th e  f i r s t  
i n s t a r  nymphs were se p a ra te d  from th e  a d u l t  fem ales, and where re le v a n t 
th e  number o f  cockroaches in  th e  t i n  and t h e i r  sex . T ins c o n ta in in g  
a d u lts  were d a ted  from th e  p o in t a t  which newly emerged a d u lts  were 
se p a ra te d  from th e  l a s t  i n s t a r  nymphs. A ll hand ling  and s o r t in g  o f  
cockroaches was c a r r ie d  o u t w ith  t i n s  kep t in  t h e i r  l iq u id  p a r a f f in  
m oats.

2 .2 .2  Ootheca development and h a tch in g  in  fem ales k ep t w ith  o r  
w ith o u t m ales

G lass j a r s  (1 lb )  were f i t t e d  w ith  a  screw -on m etal l i d  w ith  a  5 .5  cm 
ho le  in  th e  c e n tre  to  ta k e  a  f i l t e r  paper in s e r t .  The su rfa c e  a re a  o f  
th e  j a r  was e s tim a ted  to  be 360.5 sq . cm. Food tr a y s  (2 .2  cm d ia .  x 1 
can deep) c o n ta in in g  4 c a l f  p e l l e t s  ( t o t a l  4 .1  g) and w ater d isp e n se rs  
(20 ml specimen tu b es , a s  in  S ec tio n  2 .2 .1 )  were p laced  in  th e  j a r s .  
The w ater d isp e n se rs  were rep lac e d  every  10 days.

(a) Newly emerged fem ale a d u lts  (2) were p laced  in  th e  g la s s  j a r s  w ith  
male a d u lts  (2) to g e th e r  w ith  food and a  w ater d isp e n se r , and th e  j a r s  
m ain ta ined  a t  28° C. The fem ale and male a d u lts  were k ep t to g e th e r
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th roughout th e  experim ent, and d a i ly  o b se rv a tio n s  recorded  th e  number 
o f  oothecae produced by each fem ale a d u lt  and th e  tim e re q u ire d  by 
fem ale a d u l ts  to  develop each oothecae. The number o f  egg 
c e l ls /o o th e c a , th e  number o f  nymphs emerging s u c c e s s fu lly  from each 
ootheca, and th e  s i z e  o f  th e  ootheca were a ls o  reco rded  (3 r e p l ic a t io n s  
o f  2 p a i r s ) .

(b) Hie experim ent was rep ea ted  a s  in  (a) w ith  males removed from th e  
j a r s  when th e  f i r s t  oothecae became v i s ib l e  on th e  fem ales.

(c) The experim ent was rep ea ted  w ith  6 v i rg in  fem ales isol& l^d - 
tim e o f a d u lt  m oult in  th re e  se p a ra te  j a r s .

y' t

Carbon d io x id e  a n a e s th e t is a t io n  was n o t used  in  any o f  th ese  
experim ents. Humidity in  th e  re a r in g  j a r s  was measured w ith  a  h a i r  
hygrom eter c a l ib r a te d  a g a in s t  s a tu ra te d  s a l t  so lu tio n s  (g iv ing  an 
e s tim a ted  accuracy  o f  i  10%) and averaged 60-70%. The tem pera tu re  was 
28° C ±  2° .
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2 .2 .3  Development tim es f o r  nymphal s ta g e s  in  synchronous p o p u la tio n s  
o f  d i f f e r in g  d e n s i t ie s

Newly ha tched  f i r s t  i n s t a r  nymphs were p laced  in  j a r s  a s  in  S ec tio n
2 .2 .2  w ith  food and w ate r. They were m onitored every  day u n t i l  a d u lt  
emergence w ith o u t u s ing  carbon d io x id e  a n a e s th e t is a t io n . The numbers 
o f  each nymphal s ta g e  a t  each exam ination was reco rded . F ive 
r e p l ic a te s  were s e t  up fo r  i n i t i a l  p o p u la tio n  d e n s i t ie s  o f  10, 20, 30, 
and 50 nym phs/ja r.

2 .2 .4  Density-deptaidajvfc m o r ta l i ty  in  synchronous nymphal p o p u la tio n s

Cannibalism  was con sid e red  to  be th e  m ajor density -dependen t m o r ta l i ty  
f a c to r  in  th e  nymphal p o p u la tio n s  o f  t h i s  colony o f  B . g e rm a n ic a  and 
p re lim in a ry  o b se rv a tio n s  on th e  colony suggested  th a t  i t  a lm ost always 
occurred  du rin g  o r  j u s t  a f t e r  a  nymphal m oult, when th e  in s e c t  was 
l e a s t  a b le  to  defend i t s e l f  a g a in s t a t ta c k  e i th e r  by escape o r  
ag g ress io n . A developed nymph a tta c k in g  a  newly emerged nymph m ight 
a l t e r n a t iv e ly  be d iv e r te d  to  e a t  i t s  exuv ia . S ince th e se  phenomena 
a f f e c t  th e  l i f e  exp>ectancy and r a t e  o f  a d u l t  rec ru itm en t o f  th e  
cockroaches an experim ent was s e t  up to  examine th e  e f f e c t s  o f  crowding 
w ith in  th e  c u l tu re  on th e  e x te n t o f  cann iba lism  in  nymphal p o p u la tio n s .

P opu la tion s o f  10, 20, 35, and 50 f i r s t  i n s t a r  nymphs emerging from
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oothecae on th e  same day were s e t  up in  j a r s  (360.5 cm2 in te rn a l  
su rfa c e  a re a ) w ith  a  w ater d isp e n se r (20 ml specimen tube) and 2-3 c a l f  
p e l l e t s .  Each p o p u la tio n  was r e p l ic a te d  5 tim es. The numbers o f  l iv e  
nymphs were th en  counted  every  10 days (u sing  OO2 a n a e s th e t is a t io n  to  
examine th e  p o p u la tio n s) f o r  60 days d u rin g  th e  nymphal development 
p e rio d , and th e  number o f  nymphs su c c e s s fu lly  m oulting to  a d u lts  
reco rded . In  a  second experim ent, 2 r e p l ic a te  p o p u la tio n s  were s e t  up 
fo r  each o f  40, 170 and 330 nym phs/jar and th e  same d a ta  c o l le c te d .

2 .2 .5  Cannibalism  in  mixed nym ph/adult p o p u la tio n s

To examine th e  e f f e c t s  o f  cann ibalism  by a d u lts  on nymphal su rv iv a l and 
a d u lt  rec ru itm en t th e  newly hatched  nymphs from a  s in g le  00th ec a  were 
caged to g e th e r  w ith  a d u lt  p o p u la tio n s o f  e i th e r  10 male a d u l t s ,  10 
fem ale a d u l t s , o r 5 male p lu s  5 fem ale a d u l ts  w ith  food and w ater a d  

l i b . The su rv iv a l o f  th e  nymphs was examined a t  10 day in te r v a ls  using  
CO2 a n a e s th e t is a t io n  to  examine th e  p o p u la tio n s . J a r s  c o n ta in in g  th e  
same p o p u la tio n s  o f  nymphs b u t no a d u lts  were s e t  up a t  same tim e fo r  
com parison. Four r e p l ic a te s  o f  each t e s t  were s e t  up.
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Z . Z . b  E f f e c t s  o f  CCfe a n a e s t h e t i s a t i o n  o n  n y m p h a l  d e v e l o p m e n t

aNymphs (approxim ately  40) newly hatched  from th e  same oothec^ were 
p laced  in  a  j a r  w ith  food and w ater a d  l i b .  and a  harborag e. Ten such 
j a r s  were p repared  and d iv id e d  e q u a lly  in to  two tre a tm e n ts  to  
in v e s t ig a te  th e  e f f e c t s  o f  CO2 on th e  nymphal developm ent. One group o f  
5 j a r s  was t r e a te d  w ith  CO2 d a i ly  th roughout th e  developm ent p e rio d , 
and th e  o th e r  group o f  5 j a r s  m ain tained  w ithou t CO2 tre a tm e n t. ITie 
cockroaches were n o t handled  during  th e  development p e rio d . The number 
o f  days from th e  d a te  o f  00th e c a l ha tch  to  th e  d a te  a t  which th e  f i r s t  
and th e  l a s t  a d u lt  in  each j a r  emerged was recorded .

2 .3  R e su lts

2 .3 .1  Ootheca development

The r e s u l t s  o f  th e  experim ent in  which fem ales were caged w ith  m ales 
th roughout t h e i r  rep ro d u c tiv e  l i f e  a re  shown in  Table 2 .1 . A ll th e se  
fem ales con tinued  to  produce 00th ecae  th roughout t h e i r  a d u lt  l i f e ,  and 
in  5 ou t o f  6 cases  observed  t h i s  corresponded to  5 00th ec ae , a l l  o f  
which hatched . The in te r v a l  between a d u lt  emergence and h a tch  o f  f i r s t  
00th ec a , and between h a tch in g s  o f  subsequent oothecae was f a i r l y  
c o n s tan t (24.5  -  29.8  d a y s) .  There was a  c le a r  c o r r e la t io n  between th e
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o rd e rin g  o f  th e  oothecae and th e  number o f  egg c e l l s  co n ta in ed  in  them 
( r s = 0 .7 4 , p < 0.05 Spearman Rank c o r r e la t io n ) ,  egg c e l l s  d e c lin in g  
from a  mean o f  46.7 to  33.2 ( f i r s t  to  f i f t h  oo th e c a ) . The same tre n d  
was e v id e n t in  th e  number o f  nymphs h a tch in g  from th e  oo th e c a e , th e  
mean h a tch  r a t e  ranging  from 99 -  95%. The len g th  o f  th e  oo thecae 
produced a ls o  showed a  d ecreas in g  tre n d  w ith  th e  number o f  th e  oo th ec a  
( r s = 0 .9 6 , p  < 0.05). The mean lo n g e v ity  o f  th e  a d u lt  fem ales was
211.8 days w ith  an s . e .  o f  25.2 days.

The r e s u l t s  from th e  second experim ent in  which fem ales were caged w ith  
m ales on.lv up to  th e  emergence o f  th e  f i r s t  oothecae were c lo s e ly  
s im i la r  (Table 2 .1 ) .  A ll fem ales from th e  6 r e p l ic a te s  produced 4 
oothecae bu t on ly  3 o f  th e  6 fem ales went on to  produce a  5 th  oo th ec a . 
The mean number o f  egg c e l l s  and % h a tch  was s l i g h t l y  sm a lle r  f o r  each 
ootheca^ th an  fo r  th e  p rev iou s experim ent b u t th e  d if fe re n c e  was n o t 
s ig n i f i c a n t  a t  p < 0.05 in  any c a se . A lso th e  s iz e  o f  th e  oo thecae  was 
un ifo rm ly  sm a lle r  th an  th o se  o f  fem ales caged w ith  m ales th roughou t 
t h e i r  rep ro d u c tiv e  l i f e .  The mean lo n g e v ity  o f  th e  fem ales was 163.2
34.6 days, n o t s ig n i f i c a n t ly  d i f f e r e n t  th an  th a t  o f  th e  fem ales kep t 
w ith  m ales a t  p < 0 .05 .

In  th e  experim ent in  which newly-emerged unmated fem ale a d u l ts  were 
i s o la te d  in  j a r s  w ithou t m ales th e  fem ales produced th re e  o r  more 
oothecae b u t th e se  were a l l  n o n -v iab le  (no ha tch ) and no co u n ts  were
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TABLE 2 . 1

Ootheca development and ha tch ing  in  fem ales kep t w ith  o r w ithout 
males

mean (s . e .)
ootheca days1 egg c e l l s nymphs s iz e

hatched (mm)
oo th ecae  produced by fem ales caged w ith
m ales th roughout l i f e  tim e
1st 28 .3 (1 .2 ) 46 .7 (4 .3 ) 4 5 .5 (5 .0 ) 7 .8 (0 .8 ) X 2 .3 (0 .3 )
2nd 24 .5 (2 .4 ) 43 .3 (3 .7 ) 4 2 .2 (3 .8 ) 7 .3 (0 .4 ) X 2 .2 (0 .3 )
3rd 25 .2 (1 .2 ) 41 .3 (4 .0 ) 4 0 .7 (4 .1 ) 7 .3 (0 .7 ) X 2 .6 (0 .2 )
4th 28 .0 (0 .9 ) 36 .8 (4 .0 ) 3 6 .0 (4 .1 ) 6 .7 (0 .9 ) X 2 .2 (0 .3 )
5th 29 .8 (2 .5 ) 33 .2 (4 .8 ) 3 1 .4 (3 .7 ) 5 .9 (0 .6 ) X 2 .1 (0 .2 )

fem ale’s l i f e  dura t i  on 211 .8(25 .2 ) days
oothecae produced by fem ales caged w ith
males up to  f i r s t  oootheca p rodu ction
1st 27 .3 (1 .5 ) 46 .0 (3 .6 ) 4 3 .5 (4 .1 ) 7 .7 (0 .4 ) X 2 .1 (0 .2 )
2nd 25 .5 (1 .8 ) 4 2 .3 (4 .7 ) 4 2 .3 (4 .5 ) 6 .9 (0 .4 ) X 2 .2 (0 .3 )
3rd 24 .2 (1 .2 ) 39 .3 (5 .5 ) 3 6 .5 (3 .5 ) 6 .9 (0 .7 ) X 2 .3 (0 .4 )
4th 28 .8 (2 .1 ) 32 .3 (5 .3 ) 2 7 .2 (7 .5 ) 6 .2 (1 .0 ) X 2 .2 (0 .3 )
5th2 3 5 .3 (5 .5 ) 2 8 .0 (0 .0 ) 2 7 .0 (1 .0 ) 5 .3 (0 .6 ) X 2 .0 (0 .0 )

fem ale’s l i f e  d u ra tio n 163 .2(34.6) days

fem ale’s l i f e  d u ra tio n  w ithou t m ating w ith male in l i f e  time
173.3(38.7) days

1 mean number o f days from a d u lt  emergence fo r  f i r s t  ootheca 
o r  from hatch  o f  p rivo us ootheca to  day on which th e  oothecea 
hatched .

2 on ly  50% o f th e  fem ales produced 5th  oo th ecae .

3 8



made o f  th e  number o f  egg c e l l s  in  them. Hie mean lo n g e v ity  o f  th e se  
fem ales was n o t s ig n i f i c a n t ly  d i f f e r e n t  from th o se  recorded  f o r  th e  
p rev ious two experim ents (Table 2 .1 )

2 .3 .2  Development tim es f o r  nymphal s ta g e s  in  synchronous p o p u la tio n s  
o f  v a r ia b le  d e n s i ty

Mean tim es fo r  development o f  each in s t a r  a re  g iven  in  Table 2 .2  fo r  
p o p u la tio n s  o f  i n i t i a l  d e n s i t ie s  rang ing  from 10 to  50 in s e c ts .  The 
o b serv a tio n s  were made w ithou t a n a e s th e t is a t io n  by usings savali J a rs  
(S ec tio n  2 .2 .2 )  and making d a i ly  o b se rv a tio n s . Hie v a rio u s  nymphal 
s ta g e s  o f  B . g e rm a n ic a  can be d is tin g u ish e d  w ith  p ra c t ic e  on th e  b a s is  
o f  body s iz e ,  c o lo ra tio n  and shape.

The i n i t i a l  d e n s i ty  o f  th e  nymphal p o p u la tio n  in  a  j a r  d id  n o t appear 
to  a f f e c t  th e  development tim e o f  each in s t a r  p rovided  food and w ater 
were provided  a d  l i b . .  There was no s ig n i f i c a n t  d if fe re n c e  between th e  
tim e o f  m oulting o f  th e  nymphs a t  th e  fo u r  d e n s i t ie s  in v e s tig a te d . A 
fe a tu re  o f  th e  experim ents was th e  sm all v a rian ce  in  th e  tim ing  o f  th e  
nymphal m oults, which was a ty p ic a l  and d i f f e r s  from re p o r ts  u s in g  o th e r  
co lo n ie s  and c u l tu re  methods.
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TABLE 2 . 2

Development tim es fo r  nymphal s ta g e s  in  synchronous p o p u la tio n s  o f 
d i f f e r e n t  d e n s i t ie s

days (m ean, s . e . ,  n=5) from ootheca h a tch  on which 
m oult nymphs m oulted w ith  an i n i t i a l  p o p u la tio n  o f

10 20 30 50

1 s t 7 .2 (0 .8 ) 7 .0 (0 .0 ) 6 .8 (0 .5 ) 6 .9 (0 .5 )
2nd 13 .0 (0 .7 ) 12 .4 (0 .6 ) 12 .4 (0 .6 ) 11 .8 (0 .8 )
3rd 1 7 .0 (0 .7 ) 17 .0 (0 .0 ) 18 .0 (0 .7 ) 17 .6 (0 .9 )
4 th 26 .4 (0 .9 ) 2 3 .8 (0 .8 ) 24 .4 (0 .9 ) 2 2 .8 (1 .1 )
5 th 3 3 .6 (1 .7 ) 30 .8 (0 .5 ) 3 1 .4 (0 .6 ) 2 9 .6 (1 .1 )
6 th 39 .0 (2 .9 ) 4 1 .2 (2 .5 ) 40 .2 (2 .3 ) 4 0 .4 (1 .1 )

TABLE 2 3
L inear re g re ss io n s  (y = a« + a ix ) 1o f  nymphal p o p u la tio n s  
a t  each s ta g e  on i n i t i a l  d e n s i t ie s 2

nymphal s tag e
1 s t 2nd 3rd 4 th 5 th 6 th

r 2 0.814 0.807 0.800 0.894 0.905 0.968
Qo 97.95 96.27 94.72 91.85 88.65 88.34
ai -0 .039 -0 .056 -0 .059 -0.063 -0 .079 -0 .147

i (% su rv iv a l) = ao + a i ( i n i t i a l  d e n s i ty ) .
2 cockroaches k ep t in  a  g la s s  j a r  (360 cm2 ) 

w ith  food, w ater and harbourage a t  28°C J^2°C.
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2 . 3 . 3  D e n s i t y  d e p e n d e n t  m o r t a l i t y  i n  s y n c h r o n o u s  n y m p h a l  p o p u l a t i o n s

'Hie r e s u l t s  o f  th e  experim ent a re  shown in  F igu re  2 .2 . and th e  raw d a ta  
in  Appendix 2 .5 . Dead cockroaches were observed in  th e  j a r s  d u rin g  th e  
experim ents b u t many nymphs were c a n n ib a lise d  and th e  rem ainder were 
d i f f i c u l t  to  se p a ra te  from th e  exuviae and f r a s s  so  reason s f o r  
m o r ta l i ty  could  n o t be e s ta b lis h e d  w ith  c e r ta in ty .  In c reased  crowding 
c o n s is te n t ly  reduced th e  percen tage  o f  nymphs su rv iv in g  to  adulthood , 
in  s p i t e  o f  f re e  a v a i l a b i l i t y  o f  food and w ater. The two h ig h e s t 
i n i t i a l  p o p u la tio n s  o f  new nymphs (means 170.5 and 331.5) were reduced 
to  approxim ately  equal p o p u la tio n s  o f  a d u lts  (means 101.5 and 108.0 
r e s p e c t iv e ly ) , p o s s ib ly  in d ic a t in g  t h a t  t h i s  was th e  maximum c a rry in g  
c a p a c ity  fo r  th e  su rfa c e  a re a  (360 cm2 ) a v a i la b le  to  them.

The m oult to  a d u lt  took p la c e  over th e  range 36 -  55 days from 
h a tch in g . F igure 2 .2  in d ic a te s  th a t  th e  g r e a te s t  % re d u c tio n  in  
p o p u la tio n  took p lac e  du rin g  th e  e a r ly  nymphal s ta g e s  (p o ss ib ly  
corresponding  to  1 s t i n s t a r  nymphs being  c a n n ib a lise d  b e fo re  o r  a t  
m oulting by 2nd in s ta r  nymphs) w ith  a  secondary p e rio d  o f  re d u c tio n  a t  
20 -  30 days. There appeared to  be l i t t l e  f u r th e r  re d u c tio n  in  
popjulation le v e l  fo llow ing  a d u lt  emergence excep t in  th e  two h ig h e s t 
d e n s i ty  pop u la tio n  g ro u p s.

There was a  l in e a r  r e la t io n s h ip  between i n i t i a l  mean d e n s i ty  o f  i n s t a r
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d e n s i t i e s .
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I nymphs and f in a l  mean d e n s ity  o f  a d u lts  (y = 85.6 -  0 . 16x, r 2 = 
0 .96) over th e  range 11 -  331 nym phs/jar. Using mean tim es f o r
m oulting o b ta in ed  in  S ec tio n  2 .3 .2  and in te rp o la t in g  to  o b ta in  
approxim ate nymphal d e n s i t ie s  a t  th e se  tim es from F igu re  2 .2 , l i n e a r  
re g re ss io n s  o f  nymphal pop u la tio n s a t  each s ta g e  on i n i t i a l  d e n s i t ie s  
were a ls o  o b ta in ed . These a re  shown in  Table 2 .3 .

2 .3 .4  C annibalism  in  mixed nym ph/adult p o p u la tio n s

ihe e f f e c t  o f  adding a d u lts  to  a  nymphal p o p u la tio n  on s u rv iv a l and 
a d u lt  rec ru itm en t i s  shown in  F igure  2 .3  w ith  raw d a ta  in  Appendix 2 .7 . 
The nymphal p o p u la tio n  s iz e  was c lo se  to  th a t  o f  p o p u la tio n  5 (F igure
2 .2 ) and th e  t o t a l  p o p u la tio n  s iz e  c lo se  to  t h a t  o f  p o p u la tio n  4 
(F igure 2 .2 ) o f  th e  p rev ious experim ent. The p resence  o r  absence o f 
a d u lts  in  th e  p o p u la tio n  had l i t t l e  e f f e c t  on a d u lt  re c ru itm e n t, and 
th e  mean % red u c tio n  o f  th e  nymphal p o p u la tio n s  a t  th e  tim e th ey  
m oulted to  th e  a d u lt  s ta g e  were n o t s ig n i f i c a n t ly  d i f f e r e n t  re g a rd le s s  
o f whether a d u lts  were p re se n t th roughout th e  developm ent p e rio d  o r 
n o t.
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n m .  n y m p h s  ( 4 0 )  +  m a l e  a d u l t s  ( 1 0 ) ,  
n f .  n y m p h s  ( 4 0 )  +  f e m a l e  a d u l t s  ( 1 0 ) ,  
n f m .  n y m p h s  ( 4 0 )  +  f e m a l e  a d u l t s  ( 5 )  +  

m a l e  a d u l s  ( 5 ) .
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It was evident from the previous two experiments and from general 

observations on the cockroach cultures that the period at which nymphs 
were most vulnerable to cannibalisation was during and immediately 
after the first moult. Conversely, it was observed that 
cannibalisation rarely took place at the final moult. 'Hie cuticle of 
the newly emerged second instar nymph is soft and the insect is 
sluggish, making it susceptible to attack by developed second or later 
stage nymphs. The relevance of nymphal moulting to cannibalism in 
B .g e r m a n ic a  does not appear to have been previously reco rded  and th e  
following notes taken during observations of a number of first to 

second nymphal moults and final moults are intended to provide a more 
complete description of the process than is available in the 
literature.

Approximately five days from emergence from the ootheca the first 
instar nymph takes up a position on the vertical side of the culture 
jar with its head pointing downwards. It remains in this position for 

a period of 1-2 hours without moving, the abdomen held clear of the 
surface and the antennae pointing forwards from the body. This 

positioning is not invariably followed, and does not appear crucial for 
successful ecdysis. Initiation of splitting of Lhe old cuticle is 
marked by a series of movements of the antennae. At this stage,

2 . 3 . 5  F i r s t  t o  s e c o n d  m o u l t  a n d  f i n a l  m o u l t :  o b s e r v a t i o n s
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accord ing  to  Cornwell (1968), a i r  i s  taken  in to  th e  crop  to  d is te n d  th e  
o ld  c u t i c le ,  b u t t h i s  was n o t r e a d i ly  v i s ib l e  in  th e  f i r s t  i n s t a r  
m oult, Hie o ld  c u t i c le  s p l i t s  a t  th e  th o rax  along th e  d o rsa l m id line  
and th e  second in s t a r  nymph s t a r t s  to  emerge by pushing th e  back o f  i t s  
th o rax  through th e  opening in  th e  o ld  c u t i c le .  The le g s  fo llow  a s  soon 
a s  th e  head and th o rax  l a s  been pushed c le a r  o f  th e  o ld  c u t i c le  b u t a re  
n o t used to  p rov ide  any t r a c t io n  f o r  subsequent emergence, rem aining 
c le a r  o f bo th  th e  su rfa c e  and th e  o ld  c u t i c le .  Hie antennae a re  th en  
b rought to  a  p o s i t io n  in  which th ey  a re  p o in tin g  backwards from th e  
body ( v e r t i c a l ly  upwards) and Eire th en  drawn o u t. Hie new nymph s l id e s  
forward out c f  th e  c u t i c le  covering  i t s  abdomen, u n t i l  th e  whole body 
i s  p o s itio n e d  in  f ro n t  o f  th e  o ld  c u t i c l e .  Hie le g s  a re  n o t used  to  
a s s i s t  t h i s  p ro cess .

Hie tim e from th e  f i r s t  s p l i t  in  th e  o ld  c u t i c le  to  com plete emergence 
i s  about f iv e  m inutes. At t h i s  s ta g e  th e  newly emerged nymph i s  
tra n s lu c e n t and th in n e r  than  i t s  f i n a l  shape. Hie change to  an 
egg -shaped s t ru c tu re  occurs over a  p e r io d  o f  abou t 3 m inutes w ith  th e  
nymph e i th e r  s ta t io n a r y  o r moving w ith in  a  ra d iu s  o f  about 2 cm.
During t h i s  tim e i t  tu rn s  round to  fa c e  th e  o ld  c u t i c l e ,  sometimes 
craw ling  onto th e  to p  o f  i t ,  and e a ts  i t  s t a r t i n g  from th e  head end.
The p rocess o f  e a tin g  th e  o ld  c u t i c l e  ta k e s  abou t 30 m inutes and i t  i s  
a t  th i s  s ta g e  th a t  th e  new nymph appears most v u ln e ra b le  to  
c a n n ib a lis a t io n  by developed second o r  subsequent nymphs. Normal
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approach o f  two developed nymphs to  w ith in  c o n ta c t d is ta n c e  may r e s u l t  
in  no p a r t i c u la r  r e a c tio n  o r to  an ten n a l sp a rr in g  w ith  th e  nymphs 
tu rn in g  to  face  each o th e r . A newly emerged nymph appears le s s  a b le  to  
respond to  a  p o te n t ia l  ag g resso r in  th e  l a t t e r  manner. I f  th e  nymph 
i t s e l f  i s  n o t a tta c k e d , o r  i f  i t  d iv e r ts  an a t ta c k , i t s  o ld  c u t i c le  may 
be e a ten  by th e  o th e r  nymph.

P o s itio n in g  o f  th e  f i n a l  i n s t a r  p r io r  to  th e  moult i s  th e  same a s  th a t  
o f  th e  f i r s t  i n s t a r ,  b u t again  does n o t appear c r u c ia l  f o r  su c c e ssfu l 
e c d y s is . The nymph p u ts  i t s  antennae back and c lo se  to  th e  abdomen 
p r io r  to  s p l i t t i n g  th e  o ld  c u t i c le  a t  th e  d o rsa l th o ra x  m id -lin e . I t  
tak es  about 2 min f o r  th e  head, th o rax  and wings to  emerge from th e  o ld  
c u t i c le  and 10 m inutes fo r  th e  e n t i r e  body to  emerge. However, i t  was 
n o tic a b le  th a t  du rin g  th e  p rocess o th e r  f i f t h  in s t a r  nymphs and a d u lts  
d id  n o t d i s tu r b  o r  a t ta c k  m oulting nymphs to  th e  same e x te n t a s  a t  
e a r l i e r  m oults, and i f  th ey  touched i t  w ith  t h e i r  antennae th ey  tu rn ed  
away. The tim e from in i t i a t i o n  o f  e cd y sis  to  v i s ib l e  m e lan isa tio n  o f  
th e  new c u t i c le  i s  about 2 h.

2 .3 .6  E f fe c ts  o f  CO2 a n a e s ^ th e tis a t io n  on nymphal development

The r e s u l t s  o f  t h i s  experiiiient a rc  shown in  Table 2 .4 . The mean p e rio d  
o f nymphal development was 36.2 -  46.6  days w ithou t tre a tm e n t w ith
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carbon d io x id e  and 55.0 -  66.2 days w ith  d a i ly  carbon d io x id e  
tre a tm e n t. Hie d if fe re n c e s  between th e  tim es to  f i r s t  and to  l a s t  
a d u l t  emergence were s ig n i f i c a n t  a t  p < 0 .05 (Table 2 .4 ) .

TABLE 2 .4
E ffe c t o f  carbon d iox id e  tre a tm e n t on number o f  
days re q u ire d  by nymphs to  become a d u lts  in  nymphal 
p o p u la tio n  (40 nymphs p e r ja r )
observ a tio n days re q u ire d P1
1 s t a d u lt  emergence

w ith  CO2 tre a tm en t 5 5 .0 (3 .6 )
w ithou t OO2 trea tm en t 36 .2 (0 .8 ) **

a l l  a d u lt  emergence
w ith  OO2 tre a tm e n t 6 6 .2 (1 .9 )
w ithou t OOz trea tm en t 4 6 .6 (1 .1 ) **

1 s tu d e n t 's  t  t e s t  fo r  s ig n if ic a n c e  o f d if fe re n c e  
between means ** p < 0.01
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2 .4  D iscu ssio n

2 .4 .1  Ootheca developm ent and h a tch in g  in  fem ales k e p t w ith  o r  
w ithou t m ales

The fec u n d ity  o f  B . g e rm a n ic a  under v a rio u s  c u ltu re  c o n d itio n s  has been 
in v e s tig a te d  by a  nim ber o f  w orkers; t h e i r  r e s u l t s  a re  sim m arised in  
Table 2 .5 . Fran th e se  d a ta  i t  would appear th a t  B . g e rm a n ic a  i s  h ig h ly  
f le x ib le  in  t h i s  a sp e c t o f  i t s  rep ro d u c tiv e  b io log y , o o th eca l 
p rodu ction  being  dependent on c u l tu re  co n d itio n s  (food q u a l i ty  and 
crowding) and tem p era tu re . In  some o f  th e  cases  g iven  in  Table 2 .5  the 
a u th o rs  in d ic a te  th a t  adverse  c u l tu re  c o n d itio n s  (inadequate  food, h igh  
tem p era tu re s) l im ite d  fec u n d ity  in  t h e i r  c u l tu re s .  I t  would appear 
th a t  th e  c u ltu r in g  procedure (which was adap ted  from th a t  used a t  
Wellcome Research L td . ,  Berkhamsted: J  Lucas, p e r s . comm.) and th e  
s t r a in  used in  th e  p re se n t work r e s u l te d  in  a  h ig h ly  p ro d u c tiv e  co lony , 
p o ss ib ly  approaching th e  upper l im i t  f o r  fem ale fe c u n d ity  in  t h i s  
s p e c ie s .

The d if fe re n c e  between fec u n d ity  o f  fem ales caged w ith  and w ithou t 
m ales in d ic a te s  t h a t  th e  f i r s t  m ating o f  th e  fem ale la r g e ly  determ ines 
i t s  subsequent oo th e c a l  p rodu ction  a lthough  th e re  i s  some in d ic a t io n  o f  
reduced fec u n d ity  in  fem ales caged in  th e  absence o f  m ales a f t e r  th e  
f i r s t  m ating. Cornwell (1968) s t a t e s  th a t  a  s in g le  m ating i s  adequate
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TABLE 2.5
Fecundity of f e i a l e  8. geraaaica under various culture conditions

te i p. no. of Bated developaent no. of egg no. of reference
oC oothecae t ine (days) c e l l s nynphs

24 4.4 X 16.6 (29.9) Gould k Deay (1940)
29 - X 12.41 -

29-37 4.5(0.3] 0 -

29-37
-

X 33.2*0.18 29.9*0.7 Both A Wil l i s  (1956)

30 6. 6(0.5) X 7.8 (0.3)  1 
22.0 (0.3)  S

(36.7*0.9) (27.8*2.2) Wil l is  et a 1. ( 1958)

30 - X 18.0 (0.1) 1 - - Perkins k Grayson (1961)

24-25 - X 12.8 (0.3) 1 - - Both k Stay (1962)
[ M  ( M )  ) - -

25 3.9 X _ _ 27 Brooks (1965)

1 oothecal nunber not recorded: presuied lean of a l l  ootheca produced
0 uniated f e i a l e s  
x Bated f e i a l e s
1 f i r s t  ootheca
S subsquent oothecae
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fo r  p rodu ction  o f  a l l  th e  oothecae formed by a  fem ale in  h e r l i f e t im e ,  
th e  sperm ay^thecae p rov id ing  a  h ig h ly  fav o u rab le  environm ent fo r  
s to ra g e  o f  sperm atozoa tr a n s fe r r e d  in  th e  i n i t i a l  sperm atophore. 
However, Kunkel (1966) considered  th a t  w h ile  m ating i s  n o t necessa ry  
du rin g  every  rep ro d u c tiv e  c y c le , th e  maximum number o f  eggs p e r 
oothecae p re  o b ta in ed  when males a re  co n tin u o u sly  p re s e n t. Hie p re se n t 
work su ggests  t h a t  th e  p ro p o rtio n  o f  fem ales producing f i f t h  oothecae 
a f t e r  a  s in g le  m ating may be reduced r e l a t i v e  to  th e  p ro p o rtio n  
producing th en  when allow ed to  mate f r e e ly  (although  t h i s  experim ent 
needs to  be re p e a te d  w ith  la rg e r  numbers o f  cockroaches) b u t th a t  th e  
f e r t i l i t y  o f  f i f t h  oothecae i s  n o t a f f e c te d .

C ontro l o p e ra tio n s  a g a in s t cockroaches w ith  re s id u a l  in s e c t ic id e s  a re  
u s u a lly  e f f e c t iv e  a t  k i l l i n g  a  h igh p ro p o rtio n  o f  th e  e x is t in g  nymphal 
and a d u lt  p o p u la tio n s  (p a r t ic u la r ly  when harbourages a re  r e l a t iv e ly  
exposed) due to  th e  i n i t i a l  f lu sh in g  and subsequent to x ic  a c t io n  o f  th e  
sp ray  d e p o s it .  C a r te r  and Chadwick (1978) have re p o rte d  th a t  th e  
r e s id u a l  l i f e  o f  d e p o s its  o f  many fo rm u la tio n s  i s  com paratively  sh o r t  
(o f th e  o rd e r o f  a  few days) on many o f  th e  su rfa c e s  found in  normal 
dom estic and in d u s t r i a l  environm ents, so t h a t  s u rv iv a l o f  a  mated 
fem ale i s  n o t an u n l ik e ly  occu rrence . Hie d a ta  p re sen te d  here  
in d ic a te s  th a t  th e  fec u n d ity  o f  such a  fem ale would be m inim ally 
a ffe c te d  by th e  absence o f  males and cou ld  be p re d ic te d  on th e  b a s is  o f  
i t s  fec u n d ity  in  normal mixed p o p u la tio n s . Under th e  h ig h ly
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favourab le  c o n d itio n s  o f  th e  c u l tu re  d e sc rib e d  he re  th e  fem ale would
produce a  maximum o f  approxim ately  200 new nymphs over a  4-5 month 
p e rio d .

2 .4 .2  D ensity-dependent m o r ta l i ty  in  synchronous nymphal p o p u la tio n s

The e f f e c ts  o f  p o p u la tio n  d e n s ity  on th e  development o f  cockroaches 
under la b o ra to ry  co n d itio n s  have been examined by Landowski (1938) f o r  
sm all c o lo n ie s  o f  B la t t a  o r ie n t a l is  (up to  16 in d iv id u a ls /c o n ta in e r )  
and some p re lim in a ry  r e s u l t s  have been re p o rte d  f o r  B . g e rm a n ic a  

(Chauvin, 1946). The r e s u l t s  o b ta in ed  were s im ila r  to  th o se  found in  
th i s  work: m o r ta l i ty  in c rea se d  w ith  d e n s i ty  b u t th e  number o f  m oults
was u n a ffe c te d  p rov ided  food and w ater was su p p lied  a d  l i b . The 
c u rre n t s tu d y  a ls o  e s ta b lis h e d  t h a t  tim e o f  m oulting was u n a ffe c te d  by 
nymphal d e n s i ty , a t  l e a s t  w ith in  th e  experim enta l d e n s i ty  range. 
D ensity-dependent m o r ta l i ty  in  th e se  la b o ra to ry  p o p u la tio n s  o f  B . 

g e rm a n ic a  i s  a t t r ib u ta b le  p r im a r ily  to  cann ibalism  a t  m oults p r io r  to  
th e  f in a l  one, and p a r t i c u la r ly  du rin g  th e  p e rio d  im m ediately a f t e r  
m oulting. C annibalism  a t  th e  f i n a l  m oult to  a d u l t  and between a d u lts  
appeared to  be a  minor e f f e c t  r e l a t i v e  to  th e  cann iba lism  o f  e a r l i e r  
in s ta r s ,  p a r t i c u la r ly  a t  th e  f i r s t  i n s t a r  to  second in s ta r  m oult.

I t  has been re p o rte d  from f i e l d  in v e s tig a t io n s  in  th e  U.S. t h a t
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p o p u la tio n  numbers in  apartm ents w ith  e s ta b lis h e d  cockroach 
in fe s ta t io n s  a re  r a r e ly  lim ite d  by access to  food and w a te r, and t h a t  
in  n a tu ra l mixed age p o p u la tio n s  c o n tro l o f  p o p u la tio n  d e n s ity  i s  a t  
th e  le v e l  o f  o o th eca l p ro d u c tio n . N e ith er r e l a t iv e  hum id ity  no r 
tem perature  (range 21 -  30°) were c o r re la te d  w ith  d e n s i ty  o r  age 
s t ru c tu re  (Sherron e t  a l . ,  1982), B . g e rm a n ic a  b e ing  re p o rte d  to  have 
l i t t l e  p re fe ren c e  f o r  th e  hum idity  o f  i t s  immediate su rroundings 
provided i t  has easy  access to  f r e e  w ater (Gunn, 1934). In  n a tu ra l  
p o p u la tio n s  th e  p ro p o rtio n  o f  a d u lts  i s  g e n e ra lly  h ig h e r than  
la b o ra to ry  p o p u la tio n s , a lthough  th e  reason  fo r  t h i s  has n o t been 
c le a r ly  e s ta b lis h e d  (Kuber, 1932).

The experim ent was designed  to  s im u la te  th e  e f f e c t  o f  a  c o n tro l 
o p e ra tio n  which had e lim in a te d  nymphs and a d u lts  from a  harbourage and 
l e f t  th e  oo th ecae  d e p o s ite d  by poisoned fem ales (see  C hapter 4 ) . In  
such a  s i tu a t io n  th e  p o p u la tio n  developing from such oo th ecae  would be 
lim ite d  e i th e r  by a v a i la b le  a l te r n a t iv e  harb o u rag es, food o r  
cann ibalism . That cann iba lism  i s  a  m ajor de te rm in an t o f  p o p u la tio n  
s t ru c tu re  in  f i e l d  p o p u la tio n s  i s  in d ic a te d  by th e  c o n s is te n t  tendency 
fo r  a  d ecrease  in  number w ith  age and in s ta r  in  in fe s te d  appartm ents 
(Ross, 1976; Ross and W right, 1977). On th e  o th e r  hand, i t  has been 
re p o rted  th a t  in te rm ed ia te  in s ta r s  d isp e rs e  more th an  f i r s t  and f in a l  
in s ta r s  in  f i e l d  p o p u la tio n s  (Ross and B re t, 1984) so  th a t  th e  
density -dependen t e f f e c t  o f  cann ibalism  i s  m oderated by m ig ra tio n  i f
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a l te r n a t iv e  harbourages a re  a v a i la b le .

D ensity-dependent nymphal m o r ta l i ty  was in cluded  a s  a  param eter by 
L a r te r  and Chadwick (1983) in  t h e i r  p o p u la tio n  model fo r  B . g e rm a n ic a  

as  a  means by which p o p u la tio n  m m bers s t a b i l i s e d  fo llow ing  c o n tro l  
o p e ra tio n s . D a ily  s u rv iv a l r a t e s  were e m p ir ic a lly  e s ta b lis h e d  to  
ach ieve a  s ta b le  p o p u la tio n , and d e n s i ty  dependence th en  in c luded  such 
th a t  th e  d a i ly  su rv iv a l r a t e  v a r ie d  in v e rse ly  w ith  th e  t o t a l  number o f  
in s e c ts  in  each stadium  (an a r b i t a r y  measure o f  in s e c t  age based on 7 
day in te r v a ls ) .  S d p ris in g ly , in  view o f  th e  p o te n t ia l  o f p o p u la tio n  
models to  su ggest e f f e c t iv e  in te g ra te d  c o n tro l s t r a te g ie s ,  L a rte r  and 
Chadwick’s  model rem ains th e  o n ly  a ttem p t to  d e sc rib e  th e  p o p u la tio n  
dynamics o f  B . g e rm a n ic a \ th e  h ig h ly  v a r ia b le  n a tu re  o f  th e  development 
p a t te rn  o f  th e  sp ec ie s  in  response  to  environm ental param eters i s  th e  
p r in c ip a l  d is in c e n tiv e  to  such an approach. The p re se n t d a ta  su ggest 
t h a t  o v e ra l l  l in e a r  dependence o f  p ro b a b i l i ty  o f  su rv iv a l to  adu lthood  
on i n i t i a l  p o p u la tio n  d e n s i ty  i s  a  good f i r s t  approxim ation a t  l e a s t  
f o r  synchronous nymphal p o p u la tio n s , th e  c o r re la t io n  c o e f f ic ie n t  being
0.95 over th e  pop u la tio n  d e n s i t ie s  examined. I t  i s  p o s s ib le  to  
( te n ta t iv e ly )  ex tend  th e  a n a ly s is  o f  d e n s i ty  dependent m o r ta l i ty  by 
in te rp o la t in g  nymphal d e n s i t ie s  from F igu re  2 .2  a t  th e  mean tim es o f  
m oulting o b ta in ed  in  S ec tio n  2 .3 .2 .  T his i s  n o t a  s t r i c t l y  v a l id  
procedure s in c e  th e  form er r e s u l t s  were o b ta in ed  fo r  p o p u la tio n s  
su b je c t to  OO2 a n a e s th e t is a t io n  every  10 days. However, w ith  t h i s
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p ro v iso , good l in e a r  re g re ss io n s  were o b ta in ed  fo r  mean p ro p o rtio n s  
su rv iv in g  a t  th e  beginning o f  each in s t a r  on mean i n i t i a l  nymphal 
p o p u la tio n s  f o r  each o f  th e  s ix  in s ta r s  (Table 2 .3 ) .

A ddition  o f  a d u lts  to  nymphal p o p u la tio n s  appeared to  have l i t t l e  
e f f e c t  on th e  nymphal m o r ta l i ty , confirm ing  i n i t i a l  o b serv a tio n s  th a t  
com p etition  between nymphs i s  th e  p r in c ip a l  de term in an t o f  s u rv iv a l  to  
m a tu rity .

B . g e rm a n ic a  i s  a  h ig h ly  a c t iv e  in s e c t  and a  good c lim ber, making i t  
d i f f i c u l t  ho handle in  th e  la b o ra to ry . A ccordingly, i t  i s  coprr*on 
p r a c t ic e  to  use  carbon d io x id e  to  a n a e s th e tis e  c u l tu re s  o f  th e  in s e c ts  
d u rin g  h an d lin g , t r a n s f e r  and coun ting  o f  in d iv id u a ls . Brooks (1957, 
1965) and Tanaka (1982) re p o rted  on th e  e f f e c t s  o f  rep ea ted  
a n a e s th e t is a t io n s  on th e  number o f  i n s t a r s ,  nymphal d u ra tio n  and a d u lt  
body s iz e  o f  B , g e rm a n ic a ; q u a n t i ta t iv e  d a ta  on th e se  a sp e c ts  o f  
la b o ra to ry  c u l tu re s  need to  be o b ta in ed  w ithou t u s ing  such a n a e s th e s ia  
i f  th ey  a re  to  be r e la te d  to  th e  b io lo g y  o f  th e  p e s t in  th e  f i e l d .

Tanaka and Brooks used weekly a n a e s th e t is a t io n s  o f  t h e i r  experim enta l 
p o p u la tio n s  up to  m a tu rity , a  l e s s  in te n se  regime than  was used in  th e  
p re se n t work, and th e  growth r e ta rd a t io n  re p o rte d  he re  was th u s  
p robab ly  c lo s e r  to  th e  maximum va lue  o b ta in a b le  w ithou t unaccep tab le  
m o r ta l i ty . Tanaka (1982) re p o rte d  a  r e ta r d a t io n  o f  19.8% f o r  m ales (6

55



i n s t a r  type) and 23.3% fo r  fem ales (6 i n s t a r  type) t r e a te d  tw ice  during  
each in s t a r  up to  th e  t h i r d  and then  tw ice  a  week u n t i l  a d u l t  
emergence, compared w ith  th e  52% r e ta r d a t io n  ( f i r s t  a d u lt  emergence) o r  
43% ( a l l  a d u l t  emergence) found in  th e  p re s e n t work ( in  which no 
d i s t in c t io n  was made between th e  se x e s ) . Hie r e s u l t s  o f  Tanaka (1982) 
su ggest t h a t  most o f  th e  growth re ta rd in g  e f f e c t s  o f  carbon d io x id e  a re  
e s ta b lis h e d  in  th e  f i r s t  3 in s ta r s ,  w ith  com paratively  l i t t l e  e f f e c t  in  
in s ta r s  IV-VI.

Work on B . g e rm a n ic a  in  subsequent c h a p te rs  o f  t h i s  th e s i s  were c a r r ie d  
ou t on a d u lt  o f  th e  in s e c t ,  a id  carbon d io x id e  was used
p a r t i c u la r ly  du rin g  hand ling  o f  l a t e r  s ta g e  nymphs (which a re  more 
d i f f i c u l t  to  c o n tro l  th an  e a r ly  nymphs) d u rin g  c u l tu r in g  and when 
p rep arin g  a d u lts  fo r  experim en ta tion . The b ehav iou ra l e f f e c t s  o f  
carbon d io x id e  on a d u lts  a re  d iscu ssed  in  C hapter 3 (S ec tio n  3 .4 ) and 
C hapter 5 (S ec tio n  5 .4 ) in  th e  c o n te x t o f  l i g h t  avoidance re a c tio n s  and 
p ick -up  o f  d u s t d e p o s its  re s p e c tiv e ly . While i t  i s  v i r t u a l l y  
im possib le  to  p rep are  fo r  experim ents on B . g e rm a n ic a  w ithou t 
iu m o b ilis in g  them by some means, th e  s t r e s s  and o th e r  p h y s io lo g ic a l 
e f f e c t s  so induced must be considered  when in te rp r e t in g  th e  r e s u l t s .
The au th o r has observed th a t  cockroaches which a re  im m obilised by 
coo ling  to  0° C e x h ib i t  th e  same ty pe  o f  h y p e ra c t iv ity  on recovery  as 
do a d u lts  which a re  a im ea th e tised  by carbon  d io x id e , and i t  would be 
in te r e s t in g  to  e s ta b l i s h  whether o r  n o t th e  same growth re ta rd in g
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e f f e c t s  a re  o b ta in ed  u s in g  t h i s  a l te r n a t iv e  means o f  c o n tro l l in g  
cockroaches du rin g  hand ling .
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CHAPTER 3

THE TOXICITY OF PERMETHRIN DEPOSITS AND THEIR EFFECTS ON THE 
LIGHT RESPONSE OF BLATTELIA  GERMANICA (L .)

3 .1  In tro d u c tio n

B l a t t e l l a  g e rm a n ic a  i s  norm ally  a  n o c tu rn a l an im al, ag g reg a tin g  in  dark  
r e s t in g  s i t e s  du rin g  th e  day. I t s  d iu rn a l  rhythm o f  a c t i v i t y  was 
in v e s tig a te d  by W ille  (1920), and was considered  by Gunn (1940) to  be 
e n tra in e d  by th e  change from l i g h t  to  dark  c o n d itio n s  w ith in  th e  24 h 
c y c le . Cockroaches a re  r a r e ly  seen d u rin g  d a y lig h t hours in  b u ild in g s  
excep t in  h e a v ily  in fe s te d  prem ises b u t most cockroach c o n tro l  
o p e ra tio n s  a re  c a r r ie d  o u t du ring  th e  day, and r e ly  fo r  t h e i r  e f f e c t  
p a r t ly  on th e  f lu sh in g  a c t io n  o f  n eu ro a c tiv e  in s e c t ic id e s  (which causes 
cockroaches to  emerge from harbourages and c o n ta c t th e  f re s h  d e p o s its )  
and p a r t ly  on c o n ta c t w ith  d e p o s its  du rin g  fo rag in g  a c t i v i t y  in  th e  
fo llow ing  and subsequent dark  phases.

The p y re th ro id  in s e c t ic id e s  which a re  in c re a s in g ly  used a s  r e s id u a l  
c o n tro l  ag en ts  fo r  cockroach c o n tro l a re  known to  produce responses in  
cockroaches du rin g  th e  i n i t i a l  phases o f  a cu te  in to x ic a tio n  o r  a t  
s u b - le th a l  doses which can be in te rp r e te d  a s  due to  th e  p ro g re ss iv e  
lo s s  o f  n e u ra l c o n tro l ,  d is ru p tio n  o f  normal beh av io u ra l responses and
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o th e r  p h y s io lo g ic a l fu n c tio n s . These responses a re  worthy o f  s tu d y  
because in  seme cases  th ey  may enhance th e  o v e ra l l  e f f e c t  o f  th e  
chem ical a p p lic a tio n  and in  o th e rs  reduce i t s  e f f e c t .  Pyre th ro  id s  and 
some n e u ro a c tiv e  carbam ate in s e c t ic id e s  have an e x c i ta to ry  o r 
a c t iv a t in g  e f f e c t  on cockroaches d u rin g  th e  i n i t i a l  phase o f  
in to x ic a tio n , le ad in g  to  an in c re a se  in  locom otory a c t iv i t y .  The 
a c t iv a t in g  e f f e c t  o f  n a tu ra l  p y re th r in s  on th e  German cockroach was 
s tu d ie d  by H utzel (1942) who showed th a t  to p ic a l  a p p lic a tio n  a t  a  r a t e  
o f 1 j ig /  in s e c t  to  a d u lt  males produced a  sh o r t p e r io d  o f  continuous 
running a t  n e a r ly  4 tim es th e  normal sjpeed. S im ila r  r e s u l t s  were 
re p o rted  ]>/ C-arle (1982) fo r  d e ita m e th r in . The i n i t i a l  e x c i ta t io n  
produced when a e ro so l d ro p le ts  o r  vapxjur o f  p y re th ro id s  p>enetrate in to  
harbourages du rin g  sp ray  a p p lic a tio n  g iv es  r i s e  to  th e  c h a r a c t e r i s t i c  
" flu sh in g "  a c t io n  o f  th e se  conpounds (Fuchs, 1989). In  th e  c ase  o f  
n a tu ra l  p y r e th r in s , which a re  n o t h ig h ly  to x ic  to  cockroaches, th e  
e f f e c t  i s  used to  lo c a te  in f e s ta t io n s  and to  e s tim a te  t h e i r  s iz e .  
Perm ethrin  has a  weak f lu sh in g  a c t io n  r e l a t iv e  to  pyrethrum  and o th e r  
p y re th ro id s  (Fuchs, 1989).

The f lu sh in g  e f f e c t  o f  s y n th e tic  p y re th ro id s  has n o t been examined in  
any d e t a i l ,  p a r t i c u la r ly  w ith  resp ject to  th e  o r ie n ta t io n  o f  in to x ic a te d  
cockroaches moving from harbourage p o s i t io n s .  The observed a c t io n  
im p lies  th a t  th o se  cockroaches which emerge a re  s u f f i c ie n t l y  
d i s o r ie n ta te d  to  overcome th e i r  normal a v e rs io n  to  b r ig h t ly  illu m in a te d
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surroundings du ring  th e  r e s t in g  phase o f  t h e i r  d iu rn a l  c y c le . However, 
i f  a c t iv a t io n  o f  cockroaches harbouring in  la rg e  vo id  a re a s  (p ipe  
d u c tin g , w a ll v o id s , f a l s e  c e i l in g s )  was n o t a ls o  accompanied by 
d is ru p tio n  o f  th e  l i g h t  a v e rs io n  re a c tio n  i t  cou ld  r e s u l t  in  them being 
d riv e n  f u r th e r  in to  th e  harbourage. A lte ra tio n s  to  th e  l i g h t  response 
have p r a c t i c a l  im portance s in c e  i t  i s  w e ll e s ta b lis h e d  th a t  a d u lt  
fem ales c a r ry in g  oothecae d e p o s it  th an  p rem atu re ly  when a g i ta te d ,  o r 
fo llow ing  exposure to  n eu ro ac tiv e  in s e c t ic id e s .  I f  most cockroaches 
emerge in to  th e  l i g h t  fo llow ing  s u b - le th a l  exposure such oothecae w i l l  
be dropped on t r e a te d  su rfa c e s  and any nymphs ha tch in g  from them 
k i l l e d .  C onversely , i f  th ey  r e t r e a t  fu r th e r  in to  th e  harbourages 
oothecae w i l l  be d e p o s ite d  w e ll away from in s e c t i c id a l  d e p o s its  and 
r e - in f e s t a t io n  w i l l  occur a s  nymphs h a tch  from th an . D iffe ren ces  
between in s e c t ic id e s  in  th i s  re s p e c t cou ld  be o f  im portance in  
determ in ing  t h e i r  r e l a t iv e  e f f ic a c y  f o r  long-term  c o n tro l .

The tendency o f  cockroaches to  s e t t l e  and harbour in  a  dark  r a th e r  th an  
an illu m in a te d  a re a  i s  th e  b io lo g ic a l  p r in c ip le  underly ing  th e  d esig n  
o f  a  cho ice  box used by E beling  e t  a l .  (1966) to  measure th e  re p e lle n c y  
o f in s e c t ic id e s .  T h e ir box was two chambered, one chamber being  
darkened and t r e a t e d  w ith  in s e c t ic id e ,  w hile  o th e r  was il lu m in a te d  and 
provided w ith  food and w ate r. Cockroaches were re le a se d  in to  th e  
illu m in a te d  chamber and t h e i r  subsequent m o r ta l i ty  no ted  a t  in te rv a ls  
o f  24 h . I t  was assumed th a t  th e  tendency to  s e t t l e  in  th e  darkened
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chamber was c o u n te ra c ted  to  a  g re a te r  o r  l e s s e r  e x te n t by th e  
" repe llency" o f  th e  in s e c t ic id e ,  so th a t  an i n t r i n s i c a l l y  to x ic  p roduct 
producing l i t t l e  o r  no m o r ta l i ty  under th e se  c o n d itio n s  would be 
a sse ssed  a s  h ig h ly  r e p e l le n t .  The libe ling  cho ice  box has been used  by a  
number o f  workers to  measure th e  re p e lle n c y  o f  in s e c t i c id a l  
fo rm ulations a lthough  Busvine (1971) comnented t h a t  th e  number o f  
experim ental v a r ia b le s  involved made i t  d i f f i c u l t  to  in te r p r e t  r e s u l t s  
unambiguously.

The fo llow ing  experim ents were designed  to  exp lo re  th e  tendency o f  
B .  g crm an ica. to  move towards a  dark  a re a  (harbourage) frowi an 
i l lu m in a te d  a re a  when suddenly exposed to  l i g h t  du rin g  th e  
dark -harbou ring  p a r t  o f  t h e i r  d iu rn a l  c y c le , and to  in v e s t ig a te  th e  
e f f e c t  o f  exposure to  le th a l  and s u b le th a l d e p o s its  o f  perm ethrin  
w e ttab le  powder (WP) on i t .  Cockroaches were allow ed to  move f r e e ly  in  
a sm all a rena  c o n ta in in g  an illu m in a te d  and a  shaded a re a , and th e  
e x te n t to  which th ey  chose to  s e t t l e  in  th e  shaded a re a  determ ined 
under v a rio u s  experim enta l c o n d itio n s . M ia ll and l e  P a to u re l (1986) 
rep o rted  a  r e v e rs a l  o f  th e  normal dark  r e s t in g  response  o f  B . g e rm a n ic a  

durin g  th e  i n i t i a l  phases o f  po ison ing  w ith  a  number o f  p y re th ro id  
in s e c t ic id e s ,  and th e  p re se n t experim ents were designed  to  confirm  and 
extend th i s  r e s u l t .
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3 .2  M a ter ia ls and Methods

3 .2 .1  In s e c ts

A dults males (2 weeks from f in a l  m oult) o f  th e  German cockroaches were 
used fo r  a l l  experim ents. They were taken  from c u ltu re s  fo llow ing  
a n a e s th e t is a t io n  w ith  carbon d io x id e  and used im m ediately . Unless 
o therw ise  s ta te d ,  cockroaches were taken  fo r  experim ents 2 h from th e  
beginning o f  th e  pho tophase.

3 .2 .2  Chemical and fo rm u la tio n  methods

Perm ethrin  (25% WP) was o b ta ined  from Wellcome R esearch 
L a b o ra to rie s . The fo rm u lation  has th e  tra d e  name "Coopex".

Whatman’s  No 1 f i l t e r  paper (10 cm sq) was t r e a te d  w ith  th e  w e tta b le  
powder fo rm ulation  a s  an aqueous suspension  u sing  a  P o t te r  Tower. 
Treatm ent c o n c e n tra tio n s  were c a lc u la te d  from w eights o f  sp ray  
fo rm u lation  in  p e t r i  d ish e s  weighed a t  th e  same tim e a s  th e  f i l t e r  
pap e rs , u s ing  a  conveyer b e l t  arrangem ent under th e  funnel o f  th e  
tow er, r i iL e r  papers were d r ie d  in  th e  la b o ra to ry  fo r  1 hour p r io r  to  
use .
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A bioassay arena was contructed on a glass base using two inverted 
plastic petri dishes (10 cm x 10 can x 2 can) butted together with a wide 

inter- connecting hole (8 cm x 2 can) [Figure 3.1]. The base of the 
arena was covered with a piece of filter paper which was changed after 
each experiment. The cockroaches were constrained to move on this 
surface by painting the top and sides of each petri dish with a FTFE 
emulsion ("Fluon"). Three sides of the arena were covered with black 
tape, and the top of one of the two chambers (the shaded chamber) were 

covered with black paper, and the other chamber (the illuminated 
chamber) had a hole (3 cm dia.) in its top through which cockroaches 
could be introduced. The arenas were orientated with their long side 
either parallel or perpendicular to, and at varying distances from a 
fluorescent strip light with a maximum output at 550 nm (Thom EMI 36 
W Pluslux 3000, Warmwhite) on a bench [Figure 3.2 a,b].

Light intensity (mW/m2 ) in the wavebands 350-390 nm and 420-680 nm was 
determined at various distances from the source and at different 
positions in the arena using a photocell calibrated against a standard 
light source (Young, 1986). The orientation of the photocell and 
arenas used for measurement are shown in Figure 3.2.

3.2.3 Bioassay arenas
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a n d  o r ie n ta t io n  ( a r r o w )  o f  p h o to c e l l  w h e n  
ta k in g  l i g h t  in te n s i ty  m e a s u re m e n ts .
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3.2.4 Distribution of cockroaches between shaded and illuminated

s e c tio n s  o f  th e  a re n a

3 . 2 . 4 . 1  E f f e c t  o f  i l i u m  n a tio n  o f  b o th  cham bers o f  a re n a  on  

subsequent d is t r ib u t io n

The b la c k  ta p e  and p ap er w ere rem oved from  th e  co vered  cham ber and th e  

aren as  o r ie n ta te d  p a r a l le l  to  th e  so u rce  and 10 cm from  i t .  C ockroaches  

(1 0  p e r r e p lic a te )  w ere a n a e s th e tis e d  and p la c e d  in  one cham ber and  

a llo w e d  to  re c o v e r in  th e  d a rk  f o r  10 m in . The a re n a  was th e n  

illu m in a te d  and th e  cockroaches w ere g iv e n  access to  th e  a lt e r n a t iv e  

cham ber. D is t r ib u t io n  w ith in  th e  a re n a  was n o ted  a t  30 m in .

3 . 2 . 4 . 2  E f fe c t  o f  i n i t i a l  p o s it io n  o f  cockroaches in  a re n a  p r io r  to  

i l  1 u n i n a tio n  on subsequent d is t r ib u t io n

B atches o f  10 cockroaches w ere a n a e s th e tis e d  and p la c e d  e it h e r  in  th e  

cham ber o f  th e  a re n a  w hich  was s u b s e q u e n tly  illu m in a te d  when th e  a re n a  

wivi* i i  la m in a te d  o r  in  th e  cham ber w h ich  was s u b s e q u e n tly  shaded when 

th e  a re n a  was illu m in a te d . F o llo w in g  10 m in re c o v e ry  in  th e  d a rk  th e
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arena was illuminated, the card separating the chambers removed, and 
the distribution of the cockroaches recorded after 30 min. The 
experiment was repeated twice, once with the arena parallel to the 

light source and once with it perpendicular, with 5 replicates for each 
experiment.

3.2.4.3 Effect of light intensity and orientation of arena with 
respect to light source

The effects of varying light intensity {distances of source from arena) 

in chambers of the arena on the distribution of cockroaches in the 
arena were investigated. The arena were orientated either parallel or 
perpendicular to the light source, and the chambers of the arena was"" 
blocked with a card. Experiments were carried out using 10 cockroaches 
in each arena and with 8 replications for each bioassay conditions in 
a darkened room maintained at 28-30° C. The insects were discarded 
after each experiment.

(1) The arena was placed with its long axis perpendicular to the light 
source [Figure 3.2 a]. Cockroaches were allowed to recover fj^m CO2 

anaesthetisation in either dark or light for 10 min in the chamber 
which was subsequently illuminated after the cockroaches were given 
access to the shaded chamber. The distribution of the cockroaches
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between the two chambers was recorded after 30 min.

Ibis experiment was repeated with the source at various distances from 
the front end of the uncovered chamber of the arena.

(2) Conditions were as in (1), except that the arena was turned 

through 90° so that it was parallel to the light source [Figure 3.2 b], 

increasing the difference in light intensity between the two halves of 
the arena. Cockroaches were placed in the illuminated chamber and 
allowed to recover from anaesthetisation in the dark for 10 min before 
illuminating the arena. Cockroach distribution was determined 30 nun 

after illuminating the arena with the distance of the light source 
from the arena varied. Five replicates of the experiment were carried 
out for each distance of the light source from the arena.

3.2.4.4 Effect of varying holding period in illuminated chamber prior 
to permitting choice between illuminated and shaded chambers

The distribution of the cockroaches was also determined at 30 min after 
light exposure periods of 5, 10, 15, 20, 25, 30 or 60 min and with the 

light source at 10 cm from and parallel to the long axis of the arena 
(5 replicates for each light exposure period).
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3.2.4.5 Effect of continuous light or continuous dark exposure prior 
to release into arena

Cockroaches were exposed to continuous dark or continuous light for 36

h (with food and water a d  l i b .) prior to the experiments and their

reaction to the light source compared with that of cockroaches taken
from the stock culture maintained in a 12:12 photocycle. The

experiments on the effect of time in the light/dark cycle on
distribution in the arenas were started at the beginning of the
photophase. The orientation of the arena was parallel to the light 

ojt to c^n.
sourceA Cockroaches were anaesthetised prior to transfer to the arenas 
and allowed to recover for 10 min in the dark before the card was 
removed to give the cockroaches access to the shaded chamber. 

Distribution between the chambers was recorded over the subsequent 24 h 
in a 12:12 (L:D) cycle started from the beginning of the photophase. 
Five replicates of 10 insects were used for each test.

3 .2 .4 .6  E ffe c t o f  carbon dioxide a n a e s th e tisa tic n

Cockroaches in a culture tin were anaesthetised with carbon dioxide. 
Fifty males were removed, and transferred to the illuminated chamber of 
five arenas, 10 to each arena. The distribution of cockroaches
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following 10 min dark recovery, illumination of the light source,
and removal of the card separating the chambers was investigated as in

c o t ( 0  c m .
3.2.4.2 with the arena parallel to the light source^ Thirty min after 
the first anaesthetisation the cockroaches remaining in the culture tin 

were again anaesthetised with carbon dioxide, and the procedure 
repeated. The process of re-anaesthetisation was continued, so that the 
final group of cockroaches tested had been anaesthetised 5 times with 

intervening 30 min recovery periods prior to testing.

A trial with unanaesthetised cockroaches was also carried out. The 
access hole to the light chamber of an arena was covered with a piece 
of polythene and a small (2 lb) breeding tin with its base removed 

placed on top of it. Cockroaches (10) were anaesthetised with carbon 
dioxide and transferred to the tins together with a source of food and 
water, and allowed to recover for 24 h. The cockroaches were then given 
access to the light chamber by sliding the polythene sheet from under 
the tin, and were forced into the chamber using a close fitting plunger 
which w e is  slowly pushed down the interior of the breeding tin. The top 

of the light chamber was then re-covered with black card, and the 
experiment continued as previously. The experiment was replicated 5 

times.
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3.2.4.7 Division of experimental population into "light preferring" 

and "dark preferring" groups

The long axis of the arena was parallel to and at 10 cm distance from 
the light source. Cockroaches (10) were introduced into each arena 
without carbon dioxide anaesthetisation as in 3.2.4.6, and Experiment

3.2.4.3 (2) then repeated. At the end of the 30 min light exposure 

period the cockroaches which were resting in the dark and light halves 
of the arena were collected separately into two tins, and the 
experiments repeated using either all "dark- preferring" or 

"light-preferring" insects in an arena. Fifteen, experiments were 
carried out to accumulate populations of "dark- preferring" and 

"light-preferring" insects, and 10 replications were then performed 
with "dark-preferring" insects and 3 with "light-preferring" insects to 

determine their subsequent distribution within the arena using the 
method of 3.2.4.3 (2).
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3.2.5 Effect of pennethrin deposits on the distribution between 

illuminated and shaded ports of arena

3.2.5.1 Bioassay for intrinsic toxicity of pennethrin deposits

Filter papers (12 cm dia.) were sprayed with permethrin 25% WP from a 
Potter Tower and air-dried for 1 h. Batches of 10 cockroaches were

Doanasthetised with carbon dioxide and transferred to the filter paper 

under a 10 can diameter glass funnel. Water-sprayed filter paper was 
employed as the control. The wall of the funnel was painted with a PTFE 
emulsion ("Fluon”) to constrain the cockroaches to move on the n  i rev- 
paper. Five replicates were carried out for each concentration of 
permethrin (2.32y 3.94, 4.66, 5.41, 6.44, 9.27, 21.92, 30.36, 41.27 and 
51.20 mg a.i./m2). After 30 min exposure, the cockroaches were 

transferred to an untreated filter paper by sliding the funnel 
carefully with the cockroaches underneath. The number of knocked-down 
cockroaches was recorded at the end of the exposure period and 
mortality recorded after 24 hours.

3.2.5.2 Bioassay arena for illuminated/shaded area choice tests

The 3ame arenas were used as described in 3.2.3, but the base of the 
illuminated or shaded half of the arena was covered with a piece of
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Whatman's No 1 filter paper (10 can sq) which had been previously 
sprayed with the diluted pennethrin WP from a Potter Tower and dried 
for 1 h. The treated paper was changed after each experiment. The 
cockroaches were constrained to move on this paper by painting the top 
of each petri dish with a PTFK emulsion ("Fluon"). The arenas were 

arranged so that their long edges were parallel to and 10 cm from the 
light source.

3.2.5.3 Distribution of cockroaches in arenas half-treated with 
permethrin deposits

A test arena was prepared by placing a piece of filter paper sprayed
with 25% WP pennethrin at a concentration of 1.25 mg/m2 on the base of
either the illuminated or shaded chamber of the arenas, and a piece of
water-sprayed filter paper on the base of the alternative half. The
two pieces of paper were accurately cut so that they butted together at
the join. A control arena was prepared using two water-sprayed filter
papers as the base of each chamber. The arenas were orientated

to tr* .
parallel to the light source^ Ten cockroaches were anaesthetised, 
transferred to the illuminated chamber (either treated or untreated) 
and held in this chamber for 30 min in the dark before illuminating it 
and giving the cockroaches access to the shaded chamber.
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Three observation times (30, 60 min and 24 hours after the cockroaches 
were given access to the shaded chamber) were made separately for each 

of the 2 treatments (illuminated chamber treated, shaded chamber 
treated) and for the control.

The experiment was designed as a randomised complete block design. Each 

block was run concurrently and consisted of two replicates for each of 
the treatments (illuminated side treated or shaded side treated) and 

two replicates of the the control. There were three observation times 
(independent experiments) in each block and four blocks.

3.2.5.4 Distribution of cockroaches pre-exposed to pennethrin deposits 

between shaded and illuminated parts of the arena following 
treatment and after 24 and 48 h recovery periods

Filter papers were sprayed with pennethrin WP at different 
concentrations and dried for 1 h in the laboratory. Batches of 10 

cockroaches were exposed to the filter papers under a funnel for 30 

min in the light (Section 3.2.5.2) and then anaesthetised with CO2 . 
Their response to illumination of the arena was then examined. The 
cockroaches were allowed to recover for 10 min in the dark before 
illuminating the arena and giving the cockroaches access to the shaded 
chamber. Their distribution was noted after 30 min and the cockroaches
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then transferred to an untreated tin with water and food. The 
experiment was repeated using the same batches of cockroaches after 24 
h and 48 h recovery from the initial exposure. Five replications of the 

experiment were carried out at concentrations of 1.0, 2.0, 3.4, 5.4 and
6.4 mg/m2 . Only survivors of each exposure were used for the 
examination of the light response in the arena and so fewer replicates 

were carried out for the 24 and 48 h observations at higher permethrin 
concentrations.

3 .2 .5 .5  Exposure to  p e n e th r in  d ep o sits  in  a  three-chamberr:o

A 3 chambered arena was constructed using three 10 x 10 cm inverted 
plastic petri dishes butted end to end, with an 8 cm passage cut from 
the two end dishes to the central one. Three sides of the arena were 
covered with black tape on the outside and all were coated with FIFE 

emulsion on the inside. The central chamber had a 2 cm dia. hole in the 
top through which to transfer cockroaches to the arena. The arena was 
orientated with its long axis perpendicular to the light source and 10 
can from it (Section 3.2.3) and placed on a glass base. The chamber 
furthest from the light source was covered with black paper (Figure

3.3).

Filter papers were sprayed with permethrin WP at concentrations of 4.8,
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7.7, 8.0, 12.9, 13.6, 18.0, 22.6 and 33 .3 reg/m* as ?.n the previous 

bioassays (Section 3.2.5.1). Treated filter papers were placed under 
the central chamber and butted against untreated filter papers under 

the other two chambers. The arenas were set up in groups of 5 for each 
concentration.

Batches of 10 cockroaches were anasethetised with carbon dioxide and 
placed in the central exposure chamber. They were allowed to recover in 

the dark for 10 min with the access holes to the escape chambers 
blocked with pieces of card. The cards were then gently removed and the 
arena illuminated, the experiment being timed from this moment. The 
distribution of the cockroaches between the three chambers was recorded 

at 30 min from the point at which the card was removed. The experiment 
was replicated 5 times.

3.2.6 Data analysis

Proportions of cockroaches in any chamber of the arena were transformed 
to angles for statistical analysis but are expressed as percentages in 
the tables. Duncan's multiple range test (Duncan, 1951) was used to
analyse experiments for which means of treatments were not identical at

r\p < 0.05 using an implemejtation of the algoritlufi described by Gomez 
(1983) written in BBC BASIC.
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Y\
Probit analysis was performed using an implementation of the algorithm 

described by Finney (1964) written in BBC BASIC to determine the 
toxicity of permethrin deposits to the cockroaches.

3.3 Results

3.3,1 Light intensity as a function of distance from the.source

The fluorescent light source used in this work was a standard tube 

widely used domestically and in comnercial buildings. The response of 
cockroaches to it was therefore considered to be relevant to their 

behaviour in their "natural'* habitat.

The variation in light intensity with wavelength is shown in Table 3.1 

and 3.2. The perspex used to construct the arenas was transparent ( > 
50% transmittance) down to 300 nm.

Relative light intensity at the centres of the two chambers of the 
bioassay arena when orientated parallel to the light source is shewn. as 
a function of the distance of the front edge of the arena from the

78



TABLE 3 .1
Light intensity in illuminated and shaded chamber of arena 
orientatedparallely to and at different distances from the light 
source
distance
(cm)

wavelengh
(ran)

mean light 
light chamber

intensity (W/m2 
dark chamber

)
difference

10 420-680 2.063 0.043 2.020
350-390 0.016 0.000 0.016

15 420-680 1.750 0.023 1.727
350-390 0.010 0.000 0.010

20 420-680 1.375 0.014 1.361
350-390 0.008 0.000 0.008

25 420-680 0.981 0.006 0.975
350-390 0.006 0.000 0.006

30 420-680 0.844 0.004 0.840
350-390 0.002 0.000 0.002

intensity difference = 4.983-1.265 In(distance) r2 = 0.809
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TABLE 3 .2
L ig h t in te n s ity  in  th e  i llu m in a te d  and shaded cham ber o f a re n a  
o r ie n ta te d  p e rp e n d ic u la r ly  a t  d if f e r e n t  d is ta n c e s  from  th e  l ig h t  
so u rce

d is ta n c e
(cm)

w avelengh
(ran)

mean l ig h t  in te n s ity  (W/m2 ) 
l ig h t  cham ber d a rk  cham ber d if fe r e n c e

10 4 2 0 -6 8 0 2 .2 5 0 1 .0 1 9 1 .2 3 1
3 5 0 -3 9 0 0 .0 1 3 0 .0 0 2 0 .0 1 1

15 4 2 0 -6 8 0 1 .9 3 8 0 .6 8 8 1 .2 5 0
3 5 0 -3 9 0 0 .0 0 8 0 .0 0 1 0 .0 0 7

20 4 2 0 -6 8 0 1 .5 0 0 0 .5 6 8 0 .9 3 2
3 5 0 -3 9 0 0 .0 0 6 0 .0 0 1 0 .0 0 5

25 4 2 0 -6 8 0 1 .2 5 0 0 .4 7 5 0 .7 7 5
3 5 0 -3 9 0 0 .0 0 4 o.ooo. 0 .0 0 4

30 4 2 0 -6 8 0 1 .0 7 5 0 .4 1 3 0 .6 6 2
3 5 0 -3 9 0 0 .0 0 3 0 .0 0 0 0 .0 0 3

in te n s ity  d if fe r e n c e  = 1 .8 7 0  e x p (0 .0 3 4 4  d is ta n c e ) r 2 = 0 .9 4 0
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so u rce  in  T a b le  3 . 1 .  The d if fe re n c e  betw een th e  in te n s it ie s  (y )  and  

th e  d is ta n c e  o f  th e  f r o n t  o f  th e  a re n a  fro m  th e  l ig h t  so u rce (x )  was 

b e s t f i t t e d  b y  th e  l in e a r  r e la t io n s h ip  y  = 4 .9 8 3  -  1 .2 6 5  ln ( x )  w ith  a  

c o r r e la t io n  c o e f f ic ie n t  ( r 2 ) o f  0 . 8 1 .

H ie  c o rre s p o n d in g  d a ta  when th e  b io a s s a y  a re n a  was o r ie n ta te d  

p e rp e n d ic u la r to  th e  l ig h t  so u rce is  shown in  T a b le  3 . 2 ,  th e  b e s t f i t  

re g re s s io n  b e in g  y  = 1 .8 7  e x p (0 .0 3 4 4 x ) ( r 2 = 0 . 9 4 0 ) .

3 . 3 . 2  G e n e ra l o b s e rv a tio n s  on B o v e m t  o f  cockroaches h i  d ie  .a rs e s  

when exposed to  i l lu n in a t io n  fo llo w in g  th e  re c o v e ry  p e r io d

C ockroaches re c o v e rin g  from  carb o n  d io x id e  a n a e s th e tis a tio n  showed a  

s h o rt p e r io d  o f  h y p e r a c t iv ity . A 10 m in re c o v e ry  p e r io d  was ad eq u ate  

to  re s to re  norm al r e s t in g  b e h a v io u r, w ith  m ost cockroaches th e n  

s ta t io n a r y  and w ith in  to u c h in g  d is ta n c e  o f  each o th e r  o r th e  w a lls  o f  

th e  re c o v e ry  cham ber. S lig h t  v ib r a t io n  o f  th e  c u ltu r e  t in s  o r  b io a s s a y  

a ren as  (e n te r in g  room, c lo s in g  d o o r) d id  n o t cause th e  cockroaches to  

move from  th e s e  r e s tin g  p o s itio n s  b u t illu m in a t io n  o f  th e  re c o v e ry  

cham ber a c t iv a te d  th e  cockroaches and th e y  th e n  moved r a p id ly  around  

th e  a re n a , re s t in g  fo r  p ro g re s s iv e ly  lo n g e r in te r v a ls  so th a t  2 -5  m in  

la t e r  m ost o r  a l l  had come to  r e s t .  H ie  o r ie n ta t io n  o f  th e  r e s t in g  

cockroaches w ith  re s p e c t to  th e  lig h t, so u rce appeared  random . G e n tle
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rem oval o f  th e  c a rd  s e p a ra tin g  th e  two cham bers in  dim  l ig h t  d id  n o t 

a c t iv a te  th e  cockroaches from  t h e ir  r e s t in g  p o s itio n s

3 . 3 . 3  E f fe c t  o f  i llu m in a t io n  o f  b o th  cham bers on subsequent 

d is t r ib u t io n  o f  cockroaches

The cockroaches w ere a llo w e d  to  re c o v e r f o r  10 m in in  th e  d a rk  in  one 

cham ber and th e n  g iv e n  access to  th e  a lt e r n a t iv e  cham ber when b o th  w ere  

illu m in a te d . The p ro p o rtio n  o f  th e  co ckro ach es in  th e  two cham bers 30 

m in la t e r  is  shown in  T a b le  3 . 3 .  The n u l l  h y p o th e s is  o f  a  1 :1  

d is t r ib u t io n  betw een th e  two cham bers was n o t r e je c te d  (p  > 0 . 0 5 ) .

3 . 3 . 4  E f fe c t  o f  p o s it io n  o f  cockroaches in  a re n a  p r io r  to  illu m in a t io n  

on subsequent d is t r ib u t io n

R e s u lts  a re  shown in  T a b le  3 . 4 .  When th e  a re n a  was p a r a l le l  to  th e  

l ig h t  so u rce th e  cockroaches showed a  p re fe re n c e  f o r  r e s t in g  in  th e  

shaded cham ber re g a rd le s s  o f  w h eth er th e y  w ere in  th e  shaded o r  

illu m in a te d  cham ber when th e  l ig h t  so u rce  was s w itc h e d  on a lth o u g h ^  th e  

e f f e c t  was n o t s ig n if ic a n t  a t  p  < 0 . 0 5  (c h i-s q u a re , n u l l  h y p o th e s is  1 :1  

d is t r ib u t io n )  in  e ith e r  c a s e . U n q u a n tifie d  o b s e rv a tio n s  in d ic a te d  th a t
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TABLE 3 .3
Number o f  cockroaches lo c a te d  in  a lte r n a t iv e  cham ber 
fo llo w in g  10 m in d a rk  re c o v e ry  p e rio d  in  one cham ber and  
th en  illu m in a t io n  o f  b o th  cham bers1

number2 o f  cockroaches in  a lte r n a t iv e  cham ber 
r e p lic a t io n  mean ( s . e . )  p3

4 4 4 5 5 4 . 4  ( 0 . 6 )  n . s .

1 o r ie n ta te d  p a r a l le l  to  th e  so u rce a t  10 cm
2 number o u t o f  10
3 h y p o th e s is  o f  1 :1  r a t io  betw een th e  two chambers

TABLE 3 . 4
E ffe c t  o f  i n i t i a l  p o s it io n  o f  cockroaches in  a re n a  d u rin g  d a rk  
re c o v e ry  p e r io d  p r io r  to  illu m in a t io n  and b e in g  g iv e n  access to  
b o th  cham bers

o r ie n ta t io n  o f  number1 o f cockroaches in  shaded h a lf  a t  30 m in
a re n a / cham ber 
fo r  d a rk  re c o v e ry

r e p lic a t io n mean ( s . e ) P2

p a r a l le l /
illu m in a te d 4 6 4 6 8 5 .6 ( 1 . 7 ) n . s .

p a r a l le l /
shaded 6 6 6 8 7 6 .6 ( 0 . 9 ) n . s .

p e rp e n d ic u la r /
illu m in a te d 6 4 5 4 4 4 .6 ( 0 . 9 ) n . s .

p e rp e n d ic u la r /
shaded 6 6 8 3 5 5 .6 ( 1 . 8 ) n . s .

1 o u t o f  10
2 h y p o th e s is  o f  1 :1  r a t io  betw een th e  two h a lv e s
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th e  cockroaches w ere n o t as a c t iv a te d  b y  th e  sudden illu m in a t io n  i f  

th e y  w ere re s t in g  in  th e  d a rk  cham ber as i f  th e y  w ere r e s t in g  in  th e  

illu m in a te d  cham ber.

R e s u lts  when th e  a re n a  was o r ie n ta te d  p e rp e n d ic u la r to  th e  l ig h t  so u rce  

and th e  cockroaches c o u ld  see th e  so u rce  from  b o th  cham bers in d ic a te d  

no p re fe re n c e  fo r  th e  cham ber fu r th e s t  from  th e  l ig h t  so u rce  when th e  

cockroaches w ere i n i t i a l l y  p o s itio n e d  in  th e  cham ber c lo s e s t to  th e  

so u rce and o n ly  a  m a rg in a l p re fe re n c e  when th e y  w ere p o s itio n e d  in  th e  

fu r th e r  cham ber (p  > 0 . 0 5  in  b o th  c a s e s ) .

3 . 3 . 5  E f fe c t  o f  l ig h t  in te n s ity  and o r ie n ta t io n  o f  a re n a  w ith  re s p e c t 

to  l ig h t  so u rce

In te r a c t io n  betw een d is ta n c e  o f  l ig h t  so u rce  from  a re n a  and o r ie n ta t io n  

o f th e  a ren as  to  th e  l ig h t  so u rce  was n o t s ig n if ic a n t  (p  > 0 . 0 5 ,  ANOVA, 

A ppendix 3 . 2 ) .  T h is  p e rm itte d  an  u n b iased  e x a m in a tio n  o f  th e  m ain  

e f fe c ts  o f  l ig h t  in te n s ity  and o r ie n ta t io n  o f  th e  a ren as  on cockro ach  

d is t r ib u t io n .

W ith  th e  a re n a  a rra n g e d  w ith  i t s  lo n g  a x is  p e rp e n d ic u la r to  th e  l ig h t  

so u rce  and th e  cockroaches a llo w e d  to  re c o v e r fro m  a n a e s th e tis a tio n  in  

th e  l ig h t ,  th e re  was no s ig n if ic a n t  d if fe r e n c e  betw een th e  p ro p o rtio n s  

o f  cockroaches in  th e  two cham bers and th a t  exp ected  on th e  b a s is  o f  a
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1 :1  d is t r ib u t io n  a t  any d is ta n c e  o f  th e  a ren as  from  th e  l ig h t  s o u rc e . 

The same r e s u lt  was o b ta in e d  w ith  th e  a re n a  p a r a l le l  to  th e  l ig h t  

so u rce  when th e  cockroaches w ere a llo w e d  to  -re c o v e r in  th e  d a rk  p r io r  

to  illu m in a t io n  o f  th e  a re n a . When th e  a re a s  w ere  o r ie n ta te d  

p e rp e n d ic u la r  to  th e  l ig h t  so u rce and cockroaches re c o v e re d  in  th e  

d a rk , s ig n if ic a n t ly  more cockroaches rem ain ed  in  th e  illu m in a te d  h a lf  

o f  th e  a re n a  when i t  was p la c e d  30 cm fro m  th e  l ig h t  s o u rc e , b u t n o t 

fo r  d is ta n c e s  c lo s e r  th a n  th is  (p  < 0 . 0 5 ,  Duncan’ s m u lt ip le  ran g e  te s t ;  

T a b le  3 . 5 ) .

3 . 3 . 6  E f fe c t  o f  v a ry in g  h o ld in g  p e r io d  in  illu m in a te d  cham ber p r io r  

to  p e rm itt in g  c h o ic e  betw een  illu m in a te d  and shaded cham bers

C ockroaches w ere a llo w e d  to  re c o v e r fro m  a n a e s th e tis a tio n  f o r  10 m in in  

th e  d a rk  a f t e r  b e in g  p la c e d  in  th e  unshaded cham ber and th e n  exposed to  

i l lu m in a t io n  fo r  v a ry in g  p e rio d s  o f  tim e  b e fo re  b e in g  g iv e n  access to  

th e  shaded cham ber. H ie  a re n a  was o r ie n ta te d  p a r a l le l  to  th e  l ig h t  

s o u rc e . H ie  re s u lts  o f  th e  e x p e rim e n t a re  shown in  T a b le  3 . 6 .

T h ere  was no e v id e n t c o r r e la t io n  betw een  tim e  o f  illu m in a t io n  and mean 

p ro p o rtio n  o f  cockroaches in  th e  shaded h a l f  o f  th e  a re n a  fo llo w in g  

rem o val o f  th e  d iv id in g  c a rd  ( r 2 = 0 . 1 2 ) .  A t a l l  exposure tim e s  th e  

mean p ro p o rtio n  o f  cockroaches in  th e  shaded h a lf  o f  th e  a re n a  was
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TABLB 3.5

Mean (s.e.) $ of cockroaches in shaded chaaber at 30 ain following 10 ain recovery 
period in uncovered chaaber which was subsequently illuainated (n = 8}.

arena perpendicular to source arena parallel to source

distance cockroaches
(ci) recovered in

the light

pl cockroaches 
recovered in 

the dark

p cockroaches p 
recovered in 

the dark

10 46.3 (17.7} b2 n.s 47.5 (12.8) b n.s 63.8 (9.2) a n.s
15 48.8 (12.5) ab n.s 46.3 (10.6) b n.s 60.0 (7.6) a n.s
20 45.0 (9.3) b n.s 42.5 (15.8) b n.s 57.5 (12.8) a n.s
25 48.8 (12.5) ab n.s 38.8 (12.5) b n.s 55.0 (5.4) a n.s
30 53.8 (17.7) b n.s 33.8 (10.6) c n.s 62.5 (12.8) a n.s

1 chi-square test for hypothesis of 1:1 distribution 
1 aeans followed by saae letter arc- not i c a n t l y  diffcrent (p • 0.05}

(Duncan’s aultiple range test).

TABLE 3 .6

Com parison betw een % o f cockroaches in  illu m in a te d  and shaded  
cham bers o f  a ren as  a f t e r  10 m in d a rk  re c o v e ry  p e r io d  fo llo w e d  
by v a r ia b le  p e rio d s  o f  exposure to  illu m in a t io n  p r io r  to  b e in g  
g iv e n  access to  shaded cham ber.

exposure p e rio d  
( m i n . )

mean ( s . e )
shaded
cham ber

% cockroaches in  
illu m in a te d  

cham ber
P1

5 6 6 . 0 ( 5 . 5 ) 3 4 . 0 ( 5 . 5 ) n . s .
10 6 2 . 0 ( 1 3 . 0 ) 3 8 . 0 ( 1 3 . 0 ) n . s .
15 6 6 . 0 ( 1 1 . 4 ) 3 4 . 0 ( 1 1 . 4 ) n . s .
20 7 8 . 0 ( 1 3 . 0 ) 2 2 . 0 ( 1 3 . 0 ) * *
25 7 6 . 0 ( 1 1 . 4 ) 2 4 . 0 ( 1 1 . 4 ) *
30 6 4 . 0 ( 1 3 . 4 ) 3 6 . 0 ( 1 3 . 4 ) n . s .
60 5 8 . 0 ( 8 . 4 ) 4 2 . 0 ( 8 . 4 ) n . s .

1 c h i-s q u a re  t e s t  fo r  h y p o th e s is  o f  1:1 r a t io  betw een  
illu m in a te d  and shaded cham ber ( n . s .  p > 0 . 0 5 ;

*  0 . 0 1  < p  < 0 . 0 5 ;  * *  p  < 0 . 0 1 ) .
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g re a te r  30 m in u tes  a f t e r  rem oving th e  c a rd  th a n  w ould  be e x p e c te d  on 

th e  b a s is  o f  a  1 :1  d is t r ib u t io n , b u t o n ly  fo llo w in g  th e  20 and 25 m in  

exposures was t h is  d if fe r e n c e  s ig n if ic a n t  a t  p  < 0 . 0 5  (c h i-s q u a r e ) .

3 . 3 . 7  E f fe c t  o f  c o n tin u o u s  l ig h t  o r  co n tin u o u s  d a rk  exp o su re  p r io r  to  

re le a s e  in to  a re n a

Cockroaches w ere k e p t in  c u ltu re  t in s  e ith e r  in  a  norm al 12 :12  (L :D)  

p h o to c y c le , a  ( 2 4 : 0 )  p h o to c y c le  o r  a  ( 0 : 2 4 )  p h o to c y c le  fo r  a  p e r io d  o f  

36 h ,  th e  exposure b e in g  s ta r te d  a t  th e  end o f  a  O/j.rlv phiSLl-Vi OX d ie  

no rm al 12 :12  p h o to c y c le . Each group o f  cockroaches was th e n  

a n a e s th e tis e d , s p l i t  in to  r e p lic a te  p o p u la tio n s  (5  p e r tre a tm e n t) and  

tr a n s fe r re d  to  th e  a ren as  ( p a r a l le l  o r ie n t a t io n ) . R eco very  in  th e  

illu m in a te d  cham ber (1 0  m in ) was in  th e  d a rk  i f  th e y  had been  

p re v io u s ly  h e ld  in  th e  d a rk , and in  th e  l ig h t  i f  p re v io u s ly  

l ig h t -  exposed. F o llo w in g  rem oval o f  th e  c a rd  s e p a ra tin g  th e  two 

cham bers th e  d is t r ib u t io n  o f  th e  cockroaches was n o te d  a t  in te r v a ls  up  

to  23 h la t e r  w ith  co n tin u o u s  illu m in a t io n  o f  th e  a re n a . The r e s u lts  

a re  shown in  T a b le  3 . 7 .

In  none o f  th e  tre a tm e n ts  was th e re  a  c o r r e la t io n  betw een th e  

p ro p o rtio n  o f  cockroaches r e s tin g  in  th e  d a rk  cham ber and th e  tim e  o f  

o b s e rv a tio n , ( r 2 = 0 . 3 7 ,  0 . 0 2 ,  0 . 0 0  f o r  1 2 : 1 2 ,  2 4 : 0 ,  and 0 : 2 4  L:D
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TABLE 3.7

Distribution of cockroaches in the illuiinated/shaded choice boxes at 30 sin light 
exposure after long ten pre-exposure to light or dark

tiie froi aean (s.e.) percentage in shaded chaiber
beginning of ______________  ______________  __
photophase (h) 12:12 (L:D) P* l 24:0 (L:D) P 0:24 (L:D) P

0.5 64.0 (11.4) b n.s 80.0 (12.2) a It 90.0 (7.1) a It

1.5 56.0 (8.9) 0 n.s 88.0 (4.5) a It 70.0 (10.0) b n.s

4.5 54.0 (15.2) b n.s 78.0 (11.0) a i 80.0 (7.1) a It

6.5 58.0 (8.4) b n.s 74.0 (11.4) a n.s 74.0 (5.5) a n.s

9.5 50.0 (10.0) b n.s 82.0 (8.4) a It 80.0 (14.1) a i t

11.5 56. U (11.4) b n.s 78.0 (16.4) a It 66.0 (11.4) b n.s

12.5 64.0 (11.4) c n.s 88.0 (4.5) a It 72.0 (8.4) b n.s

13.5 68.0 (16.4) a n.s 78.0 (8.4) a It 78.0 (11.0) a It

15.5 68.0 (13.0) b n.s 84.0 (5.5) a It 80.0 (7.1) a i t

18.5 74.0 (15.2) a i 82.0 (8.4) a It 80.0 (10.0) a i t

21.5 76.0 (13.4) a t 78.0 (8.4) a I 82.0 (4.5) a It

23.5 62.0 (16.4) b n.s 78.0 (8.4) a t 80.0 (7.1) a It

1 chi-square test for 1:1 distribution between chambers; n.s p)0.05; 
t 0.01 ( p < 0.05; i t  p < 0.01.

1 aeans in row followed by saie letter are not significantly different 
(p < 0.05) by Duncan’s lu ltip le  range test
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c y c le s  r e s p e c t iv e ly ) . Cockroaches exposed to  th e  no rm al 12 :12  c y c le  

showed a  s l ig h t  p re fe re n c e  fo r  th e  shaded chamber a t  a l l  o b s e rv a tio n ^  

tim e s  (mean p ro p o rtio n  in  shaded cham ber > 0 . 5 )  b u t th is  p re fe re n c e  was 

o n ly  s ig n if ic a n t  a t  p  < 0 . 0 5  fo r  2 o u t o f  th e  12 o b s e rv a tio n s . In  th e  

case  o f  th e  cockroaches c o n d itio n e d  to  e ith e r  a  2 4 : 0  L :D  o r  a  0 : 2 4  L :D  

c y c le  th e  re s u lts  in d ic a te  a  d e f in it e  p re fe re n c e  f o r  th e  shaded  

cham ber, mean p ro p o rtio n s  in  th is  a re a  b e in g  > 0 . 7 0  in  a l l  cases and  

th e  number o f  o b s e rv a tio n s  a t  w hich th e  n u ll  h y p o th e s is  o f  a  1 :1  

d is t r ib u t io n  was n o t c o n s is te n t w ith  th e  d a ta  b e in g  11 o u t o f  12 fo r  

th e  2 4 : 0  L:D c y c le  and 8 o u t o f  12 f o r  th e  0 :2 4  L:D c y c le  (c h i-s q u a re ) .

3 . 3 . 8  E f fe c t  o f  carb o n  d io x id e  a n a e s th e tis a tio n

C ockroaches w hich  had been a n a e s th e tis e d  5 tim e s  w ith in  2 .5  h ap p eared  

no d i f f e r e n t  in  th e  e x te n t to  w hich  th e y  w ere a c t iv a te d  by illu m in a t io n  

o r in  th e  p e rio d  re q u ire d  fo r  them  to  s e t t le  down a f t e r  th e y  had been  

a c t iv a te d  fo llo w in g  th e  norm al 10 m in re c o v e ry  p e r io d  th a n  cockroaches  

w hich  had been a n a e s th e tis e d  24 h  e a r l ie r ,  tra n s fe r re d  to  th e  a re n a

is
w ith o u t a n a e s th e tis a tio n , and a c c lim a te d  fo r  10 m in  in  th e  d a rk . T h ere  

was no c le a r  c o r r e la t io n  betw een th e  p ro p o rtio n  o f  cockroaches  

p r e fe r r in g  to  s e t t le  in  th e  shaded cham ber and th e  number o f  

a n a e s th e tis a tio n s  ( r 2 = 0 . 4 3 ) .  In  a i l  cases th e  mean p ro p o rtio n  o f  

cockroaches in  th e  shaded cham ber was g re a te r  th a n  0 . 6 0 ,  b u t o v e r a ll
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th e  p ro p o rtio n s  w ere o n ly  s ig n if ic a n t ly  d if f e r e n t  fro m  a  1 :1  

d is t r ib u t io n  (p  < 0 . 0 5 ,  T a b le  3 . 8 )  f o r  cockroaches w h ich  had n o t been  

a n a e s th e tis e d  and th o s e  w hich had been a n a e s th e tis e d  4 tim e s .

The e x p e rim e n t e s ta b lis h e d  th a t  th e re  was no s ig n if ic a n t  d if fe r e n c e  

betw een th e  p ro p o rtio n  o f  u n a n a e s th e tis e d  cockroaches in  th e  shaded  

cham ber and th e  p ro p o rtio n  o f  cockro ach es g iv e n  th e  s ta n d a rd  s in g le  

a n a e s th e tis a tio n  used in  th e  o th e r  exp e rim e n ts  d e s c rib e d  in  th is  

s e c tio n .

3 . 3 . 9  D iv is io n  o f  e x p e rim e n ta l p o p u la tio n  in to  " l ig h t  p re fe r r in g "  and  

"d a rk  p r e fe r r in g "  groups

The r e s u lts  o f  t h is  exp erim en t a re  a n a ly s e d  in  T a b le  3 . 9 .  T h ere  

app eared  to  b e no s ig n if ic a n t  d if fe r e n c e  betw een th e  p ro p o rtio n  o f  

" l ig h t  p re fe r r in g "  and " d a rk -p re fe r r in g "  cockroaches in  th e  shaded  

cham ber fo llo w in g  is o la t io n  and t r i a l  o f  th e s e  tw o groups (p  > 0 . 0 5 ,  

S tu d e n t's  t  t e s t )  a lth o u g h  o n ly  3 r e p lic a te s  o f  th e  exp e rim e n t fo r  th e  

lig h t-s e e k in g  gro u p  w ere c a r r ie d  o u t and th e  r e s u lt  m ust be v iew ed  w ith  

c a u tio n .
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TABLE 3 .8
The e f f e c t  o f  carb o n  d io x id e  a n a e s th e tis a tio n  on th e  
d is t r ib u t io n  o f  cockroaches in  a ren as

n o . o f  CO2 mean ( s . e . )  cockroaches p2
a n a e s th e tis a tio n s  in  shaded cham ber (%)

0 8 4 . 0 ( 5 . 5 ) a 1 t t

1 7 2 . 0 ( 1 1 . 0 ) ab n . s

2 6 8 . 0 ( 1 1 . 0 ) ab n . s

3 6 8 . 0 ( 1 4 . 8 ) ab n . s

4 6 2 . 0 ( 1 1 . 0 ) b

5 7 2 . 0 ( 1 1 . 0 ) ab n . s

1 means fo llo w e d  by th e  same l e t t e r  Eire n o t
s ig n if ic a n t ly  d if f e r e n t  (D uncan1 s m u lt ip le  ran g e  
t e s t )  a t  p  < 0 . 0 5 .

2 c h i-s q u a re  f o r  h y p o th e s is  o f  1 :1  r a t io  in  number 
o f cockroaches betw een illu m in a te d  h a lf  and shaded  
h a lf  o f  a re n a .

TABLE 3 .9

E ffe c t  o f  s e p a ra tio n  o f  cockroaches in to  two p o p u la tio n s  ( l i g h t -  
p re fe r in g  and d a rk -p re fe r in g ) on subsequent d is t r ib u t io n  in  l i g h t /  
d a rk  c h o ic  eb o xes.

p o p u la tio n mean ( s . e . ) %  cockroaches
in  d a rk  cham ber p1

i n i t i a l  p o p u la tio n 8 5 . 7 9 ( 1 4 . 0 2 )

1ig h t -p r e fe r in g  in s e c ts 9 0 . 0 0 ( 1 2 . 4 7 )  n . s

d a rk -p re fc r in g  in s e c ts 8 0 . 0 0 ( 2 6 . 4 6 )

1 t  t e s t  f o r  h y p o th e s is  th a t  means a re  n o t s ig n if ic a n t ly  
d if f e r e n t  betw een " lig h t -p r e fe r r in g "  and " d a rk -p re fe r r in g "
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3 .3 .1 0  E f f e c t  o f  perm ethrin d e p o s it s  on th e  d is t r ib u t io n  between
illu m in a te d  and shaded p a r ts  o f  th e  a re n a

3 . 3 . 1 0 . 1  B io assay  f o r  in t r in s ic  t o x ic i t y  o f  p e rm e th rin  d e p o s its

P ro b it  a n a ly s is  o f  24 h m o r ta lity  fo llo w in g  a  30 m in exposure to  

d e p o s its  o f  25% WP p e n n e th rin  a re  shown in  T a b le  3 . 1 0 .  The LC50 was

4 .6  mg/m2 w ith  a  lo g  (d o s e )/p ro b it  (m o r ta lity )  re g re s s io n  o f  y  = 1 .4 3  + 

5 . 3 7  x .  The EC50 (30  m in knockdown) was 40 mg/m2 w ith  a

lo g (d o s e ) /p r o b it (knockdown) re g re s s io n  o f  y  = 3 . 6 8  + 0 . 8 2  x .

3 . 3 . 1 0 . 2  D is t r ib u t io n  o f  cockroaches in  a re n a s  h a lf - t r e a t e d  w ith  

p e n n e th rin  d e p o s it

The e x p erim en t was d es ig n ed  so th a t  e it h e r  th e  co ckro ach es re c o v e re d  in  

th e  d a rk  in  th e  u n tre a te d  unshaded cham ber and w ere th e n  g iv e n  access  

to  th e  tre a te d  shaded cham ber fo llo w in g  illu m in a t io n  o f  th e  a re n a , o r  

th e y  re c o v e re d  in  th e  d a rk  in  th e  tr e a te d  unshaded cham ber and w ere  

th e n  g iv e n  access to  th e  u n tre a te d  shaded cham ber. The exposure  

c o n c e n tra tio n  ( 1 . 3  mg/m2 ) was s u b le th a l (< LC5) f o r  a  30 m in exp o su re . 

In  th e  c o n tro l e x p e rim e n t b o lii ciituubers w ere u n tre a te d . TTie re s u lts  

(T a b le  3 .11  and ANOVA, A ppendix 3 . 1 0 )  show no s ig n if ic a n t  in te r a c t io n
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TABLE 3 .1 0
T o x ic ity  o f  p e rm e th rin  25% WP to  cockroaches ( two  
week o ld  m ale a d u lts ; 30 m in exp o su re  on f i l t e r  p a p e r)

24 h m o r ta lity
re g re s s io n  e q u a tio n

y  = 1 .4 2 7  + 5 . 369x

c h i-s q u a re  = 0 . 4 7 4  d . f . =  5 P = 0 .9 9 3

mg/m2 (95% f id u c ia l  l i m i t s )

ED95
ED50
ED5

9 .4
4 .6
2 .3

11 .5  -  7 . 7  
5 . 1  -  4 . 2  
2 . 9  -  1 . 8

30 m in knockdown
re g re s s io n  e q u a tio n

y  = 3 . 6 8 4  + 0 . 8 1 7 x

c h i-s q u a re  = 2 2 . 4 5 2  d . f . =  8 P=0 .004
(d a ta  h etereo g en eo u s)

mg/m2 (95% f id u c ia l  l i m i t s )

ED95
ED50
ED5

4254 .6
4 0 .7

0 . 4

5 2 3 7 8 .8  -  4 3 9 . 6
7 9 . 3  -  2 2 .1

1 . 5  -  0 . 1
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betw een tre a tm e n ts  ( h a lf - t r e a te d  illu m in a te d , h a lf - t r e a te d  shaded, 

c o n tro l)  and o b s e rv a tio n  tim e s  fo llo w in g  access to  th e  shaded cham ber.

C le a r  d iffe re n c e s  w ere a p p a re n t b etw een , on th e  one hand, th e  

p ro p o rtio n  o f  cockroaches in  th e  d a rk  cham ber f o r  th e  c o n tro l g ro u p  and  

th e  gro u p  w h ich  re c o v e re d  on th e  p e rm e th rin  d e p o s its  in  th e  illu m in a te d  

cham ber, and on th e  o th e r , th e  group  exposed to  th e  d e p o s its  in  th e  

shaded cham ber. The c o n tro l group o v e r a ll showed th e  same p re fe re n c e  

fo r  re s t in g  in  th e  shaded cham ber as in  p re v io u s  exp erim en ts  (mean 

p ro p o rtio n  in  shaded cham ber > 0 .5  a t  0 . 5 ,  1 and 24 h)  b u t th e  mean 

p ro p o rtio n  was n o t as g re a t and th e  s ta n d a rd  e r r o r  o f  th e  p ro p o rtio n s  

was la r g e r  th a n  fo r  p re v io u s  c o n tro l g ro u p s . H ie  reaso n  fo r  th is  

e f f e c t  weis unknown, s in c e  th e  co ckro ach es w ere t r e a te d  id e n t ic a l ly  in  

th is  e x p e rim e n t as  in  p re v io u s  o n es. C ockroaches a llo w e d  to  re c o v e r  

from  a n a e s th e tis a tio n  in  th e  u n tre a te d  illu m in a te d  cham ber and th e n  

g iv e n  access to  th e  shaded t r e a te d  cham ber showed a  c le a r  p re fe re n c e  

fo r  th e  illu m in a te d  cham ber. The h y p o th e s is  o f  a  1 :1  d is t r ib u t io n  o f  

th e s e  cockroaches betw een th e  tw o cham bers weis r e je c te d  a t  th e  0 . 0 5  

le v e l a t  0 .5  h and 24 h b u t n o t a t  1 h  f o r  cockro£U3hes w hich sp e n t 

t h e ir  10 m in d a rk  re c o v e ry  p e r io d  in  th e  u n tre a te d  illu m in a te d  cham ber. 

C ockroaches w h ich  sp en t th e  10 m in d a rk  re c o v e ry  p e r io d  on th e  d e p o s it  

and w ere th e n  a c t iv a te d  b y  illu m in a t in g  th is  cham ber showed a  s l ig h t  

p re fe re n c e  f o r  r e s t in g  in  th e  illu m in a te d  cham ber a t  30 m in (mean 

p ro p o rtio n , 0 . 4 1  in  shaded cham ber) b u t th e  h y p o th e s is  o f  a  1 :1
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d is t r ib u t io n  was n o t r e je c te d  a t  p  < 0 . 0 5  a t  a l l  3 o b s e rv a tio n  tim e s  

{T a b le  3 . 1 1 ) .

3 . 3 . 1 0 . 3  D is t r ib u t io n  o f  cockroaches p re -e x p o s e d  to  p e rm e th rin  

d e p o s its  betw een  shaded and  illu m in a te d  p a r ts  o f  a re n a  

fo llo w in g  tre a tm e n t and a f t e r  24 and 48 h  re c o v e ry  p e rio d s

P e rm e th rin  25% WP was sp rayed  o n to  f i l t e r  p ap er a t  doses co rresp o n d in g  

to  a  ran g e fro m  s u b le th a l (< LC5) to  an LC75 (3 0  m in exp o su re , 24 h 

m o r ta lity , S ec tio r.i 3 . -3 .10.  i.) .  The cockroaches w ere exposed to  th e  

d e p o s it fo r  30 m in ( in  th e  l i g h t ) ,  and th e n  a n a e s th e tis e d  w ith  carb o n  

d io x id e , t r a n s fe r re d  to  th e  a re n a  and a llo w e d  to  re c o v e r fo r  10 m in in  

th e  d a rk  p r io r  to  illu m in a t in g  th e  re c o v e ry  cham ber. C o n tro l groups  

w ere exposed to  u n tre a te d  f i l t e r  p a p e r. A t th e  end o f  th e  30 m in  

o b s e rv a tio n  p e r io d  a l l  th e  cockroaches exposed to  a  p a r t ic u la r  

c o n c e n tra tio n  w ere tra n s fe r re d  to  a  h o ld in g  c o n ta in e r , m a in ta in e d  w ith  

fo o d  and w a te r f o r  24 h , and s u rv iv o rs  th e n  re te s te d  u s in g  th e  same 

p ro c e d u re . The same p ro ced u re  was th e n  a g a in  ad o p ted  w ith  s u rv iv o rs  

a f t e r  a  fu r th e r  24 h . No s u rv iv o rs  w ere  a v a ila b le  f o r  e x p e rim e n ta tio n  

a t  24 o r  48 h fo llo w in g  exposure a t  6 .4  mg/m2 .

The p ro p o rtio n  o f  s u rv iv in g  cockroaches in  th e  shaded cham bers a t  30 

m in , 24 h and 48 h is  shown in  T a b le  3 . 1 2 .  Ib is  p ro p o rtio n  appeared
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TABLE 3.11

Distribution of cockroaches in half-treated illuiinated/shaded choice arena with 
25X VP periethrin deposite at 1.25 ag/il

treated
chaiber 30 lin P1

lean (s.e.) X in 
60 lin

shaded chaiber 
p 24 h P

illuiinated 41.3 (34.4) a* n.s 63.8 (29.2) a n.s 62.5 (26.0) a n.s
chaiber

shaded 11.3 (13.6) b i 16.3 (20.0) b n.s 7.5 (8.9) b l
chaiber

control 51.3 (34.4) a n.s. 53.8 (38.5) a n.s 66.3 (34.2) a n.s

1 ueans in coluins followed by saie letter are not significantly different 
(Duncan’s aultiple range test, p < 0.05}.

1 hypothesis of 1:1 distribution between two chaiber. n.s p > G.G5, 
l  0.01 < p < 0.05.

TABLE 3 . 1 2

D is tr ib u t io n  o f  t r e a te d  cockroaches fo llo w in g  exposure to  25% 
WP p e rro e th rin  d e p o s it in  a re n a

dose mean ( s . e . ) % o f  cockroaches in shaded cham ber
(mg/m2 ) 30 m in 24 h 48 h

0 .0 6 6 . 0  ( 1 3 . 4 ) 6 6 . 0  ( 1 1 . 4 ) 6 6 . 0  ( 1 3 . 4 )
1 . 0 8 4 . 0  ( 5 . 5 ) 9 6 . 0  ( 5 . 5 ) 9 6 . 0  ( 5 . 5 )
2 . 0 8 0 . 0  ( 1 5 . 8 ) 9 6 . 0  ( 5 . 5 ) 9 6 . 0  ( 5 . 5 )
3 . 4 5 6 . 0  ( 1 5 . 2 ) 8 8 . 0  ( 1 0 . 9 ) 9 8 . 0  ( 4 . 5 )
5 . 4 4 0 . 0  ( 1 2 . 3 ) 7 3 . 3  ( 2 3 . 1 ) 10 0 .0  (O.O)
6 . 4 1 6 .0  ( 1 5 . 2 )
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to decrease for exposures to increasing concentrations of permethrin 

deposit for groups tested 30 min after being given access to the shaded 

chamber (y = 100 - 12x, r2 = 0.97) if the control treatment is omitted 

from the regression (r2 = 0.78 if control included), and the same 

effect is evident in the 24 h data (r2 = 0 . 9 4  without control, r2 =

0.00 with control), but not for survivors tested at 48 h . More of the 

survivors tested at 24 and 48 h appeared to prefer to settle in the 

shaded chamber than the original group tested immediately after 

exposure at any dose level, but since the same cockroaches were tested 

at each observation time it was not possible to test this effect 

statistically. Similarly, the groups which survived treatment at any 

dose level appeared more likely to be found in the shaded chamber than 

in the illLminated one 24 and 48 h following exposure than groups 

unexposed to the permethrin deposits.

3.3.10.4 Exposure to peraethrin deposits in a  three-chambered arena

The three chambered arena was orientated with the long axis 

perpendicular to the light source. Light intensity measurements in the 

chamber closest to the source and the central chamber corresponded to 

those measured in Section 3.1 and Table 3.2. Intensity measurements 

were not made for the shaded chamber furthest from the light source but 

can be estimated approximately from the empirical relationship
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established in Section 3.1. The chamber furthest from the light source

was shaded.

The deposits of permethrin to which the cockroaches were exposed during 

the 10 min recovery period ranged from 4.8 mg/m2 to 31.3 mg/m2 but 

since many of the cockroaches were anaesthetised and on their backs at 

the beginning of the recovery period these concentrations cannot be 

related to LC or EC values using the probit regressions of Section

3.3.10.1. The proportions of cockroaches in the chamber closest the 

source, the central, and the shaded chambers at 30 min following 

illumination together wi lii statistical analysis are shown in Table 

3.13.

It is difficult to identify any clear trends from this experiment. The 

higher dose rates probably correspond approximately to those used in 

cockroach control operations, and the experiment was designed to 

identify any preference for illuminated or shaded environments 

following exposure under these conditions. Hie cockroaches showed no 

particular evidence of hyperactivity following the 10 min exposure 

period, and when illuminated and given access to the two escape 

chambers they ran around the arena and eventually settled in one of the 

chambers within the observation period of 30 min as in experiments in 

which they were not exposed to permethrin.
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TABLE 3.13

Distribution of cockroaches in the three-chambered choice arena at 
30 min observation period after 10 min exposure to the deposits of 
25% WP permethrin on the base of central chamber at various concen­
trations before being given access to escape chambers

dose 
(mg/m1 2 ) illuminated

chamber

mean1 (s.e.) %  of 
shaded 
chamber

cockroaches
P2 central

chamber

0 11.4 (10.7) 27.1 (18.0) n.s. 61.4 (19.5)

4.8 20.0 (20.9) 13.3 (23.4) n.s. 66.7 (27.3)

7.7 38.3 (19.4) 13.3 (10.3) * 48.3 (24.8)

8 .0 40.0 (11.0) 18.3 (21.4) n.s. 41.7 (25.6)

12.9 25.0 (17.6) 26.7 (26.4) n.s. 48.3 (22.3)

13.6 40.0 (36.9) 15.0 (12.3) n.s. 45.0 (40.4)

18.0 15.0 (13.8) 13.3 (17.5) n.s. 71.7 (22.3)

22.6 14.0 (16.7) 10.0 (10.0) n.s. 78.0 (14.8)

31.3 30.0 (14.1) 6.0 ( 5.5) * 64.0 (16.7)

1 seven replications in control arena; six replications for 
concentrations of 4.8, 7.7, 8.0, 12.9, 13.6 and 18.0 mg/m2 ; five 
replications for concentrations of 22.6 and 31.3 mg/m2 .2 t test for hypothesis that mean percentages (angles) between
illuminated and shaded chambers are not significantly different, 
n.s p > 0.05, * 0.01 < p < 0.05, ** p < 0.01.
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A comparison between the proportion of cockroaches in the illuminated 

untreated chamber and in the shaded untreated chamber at 30 min 

following access to the escape chambers indicated a significantly 

greater number of cockroaches in the light chamber (Student’s t test, p 

< 0.05) at 2 concentrations out of 8 tested; these 2 corresponded to 

the highest, and one just higher than LC50 for 30 min exposure and 24 h 

mortality. In the other cases, there was no significant difference 

between the proportions in the two chambers. There was no clear 

correlation between the proportion of cockroaches in any of the 3 

chambers and the concentration of the pennethrin deposit (r2 =0.00, 

0.59, and 0.15 for the illuminated, shaded and central chamber 

respectively).

3.4 Discussion

The main pest species of cockroaches are reported to show a number of 

distinct reactions to light: they become^ disturbed when suddenly

exposed to both long and short wavelength uv light following dark

adaption and show an increased level of activity (Wharton, 1971; 

Gingrich, 1973; Leppla et al., 1989); they are entrained to a diurnal 

rhythm of activity by suitable cycling of either long uv light (365 nm) 

or light from an incandescent lamp (Gunn, 1940, Driesig and Neilson, 

1971; Leppla et al., 1989); and natural infestations have been reported
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COX&nuoukhj
not to emerge from harbourages into a room emrHnnrl ly lit with an 

incandescent lamp during their dark active phase when alternative dark 

areas were available (Mellanby, 1940). Driesig and Nielson (1971) also 

reported that cockroaches held in continuous light for long periods 

tend to remain inactive.

While B .g e rm a n ic a  possesses ocelli and photosensitive abdominal 

ganglia, the compound eye appears to be the primary photoreceptor 

(Brady, 1974). This organ has two kinds of photoreceptors: one detects

long wavelength ultra-violet light with a peak sensitivity at 365 nm 

and the other blue-green light with peak sensitivity at 499 cm (Koehler 

et al., 1987). Lepjpla et al. (1989) suggested that uv light provides 

direct nervous stimulation whereas blue-green light requires central 

nervous system integration prior to entraining behavioural responses 

such as the circadian rhythm of activity. UV light below 300 nm is 

lethal to German and American cockroach nymphs, producing mortality up 

to 6 days after exposure (Cohen et al., 1973, Gingrich, 1973), 

presumably explaining the stimulation and avoidance reaction shown to 

it.

Gingrich (1973) found that avoidance of light by American cockroaches 

increased with growth stage and that adults given the choice between a 

dark environment and short wavelength uv, long wavelength uv (> 365 nm) 

or a white fluorescent lamp in small, two-chambered arenas showed a
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significant preference for the dark chamber (p < 0.05) within 15 min of 

illumination in each case. The present author has also observed that B . 
g e rm a n ica colonies allowed to harbour for a number of days in a dark 

area showed, rapid movement towards the dark when part of the harbourage 

was suddenly illuminated during photophase. Bell et a l. (1983) 

reported that individuals of the species B la b e ru s  c r a n i i f e r  tended to 

turn away from a light beam if it was directed towards than. However, 

while the activation produced by sudden illumination was consistently 

obtained in the bioassay arenas described in this Chapter it proved 

remarkably difficult in these experiments to reproduce a light 

avoidance behaviour with B . g e rm a n ica of the same magnitude as that- 

reported by G^ingrich.

The light-avoiding reaction has not been examined systematically in 

terms of the difference in intensity between the two halves of an 

arena, although Ballard et a l ,  (1984) reported that a light intensity 

of 6.0 uE/m2/s in the light half of an Ebeling choice box (intensity 

not reported in dark half) did not result in a significantly different 

catch using traps in the light half of the chamber than when uniformly 

dark conditions were used, and Raucher (1985) showed a significant 

preference by B . g e im a n ic a  for the dark chamber of Ebeling choice boxes 

for light intensities of less than 5 uE/m2 /s in the dark chamber and

6.5 7.5 uE/m2 /s in the light chamber. Hie latter work demonstrated

that the presence or absence of light in a chamber of the choice box
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was the only factor (of food, water, insecticide, and light) which

consistently influenced the distribution of German cockroaches in 

choice boxes.

The fluorescent light source used in the present work had a significant 

long wavelength uv component which was not filtered by the perspex 

arena and was similar in spectral characteristics to that used by

arena was sufficient to be perceived by the 365 nm peak sensitivity 

photoreceptors.

Tiie initial experiments reported here were designed to optimise the 

design of the bioassay arena and experimental procedure to obtain the 

maximum light avoidance reaction. Time did not permit full exploration 

of all variables, and it is thought that there remains considerable 

scope for experimentation.

The results obtained when the arena was orientated parallel to the 

light source (maximising the intensity difference between the two 

chambers) indicated a greater preference for resting in the shaded 

chamber than when the arena was orientated perpendicular and 

the source was cockroaches in either chamber. It was

thought that the perpendicular arrangement of the arena would most

(1973) and by Mi all and le Patourel (1986). The activation

produced on illumination confirmed that the intensity of light in the
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closely resemble the natural conditions under which cockroaches either 

approach or retreat from the entrance to a harbourage following 

day-time spraying, but the greater difference in light intensity in the 

parallel arrangement was presumably the cause of the greater light 

avoidance reaction and so this arrangement was adopted in most of the 

subsequent experiments. Neither absolute light intensity nor difference 

in intensity between the two chambers appeared to markedly affect the 

light avoidance response in both orientations, and it is possible 

that the response is triggered at a threshold below any that were

used in these experiments. The response was not large with the arena 

orientated parallel to the light source., and although the mean xiumbers 

in the shaded chamber were consistently greater them those in the 

illuminated chamber the asymmetry of distribution was not significant 

at any of the experimental distances of the arena from the source.

The possibility that the cockroaches might '’condition'* the chamber in 

which they spent the 10 min recovery period by depositing faeces and 

aggregation pheromone, thus making this chamber the preferred resting 

area after activation by illumination, was not supported by the 

experiment in which both chambers were equally illuminated and the 

experiment in which the cockroaches spent the 10 min recovery period in 

either shaded or illuminated chamber, since the resulting distribution 

of cockroaches was close to 1:1.
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There appeared to be some indication that it was possible to increase 

the proportion of cockroaches choosing to rest in the shaded chamber if 

they were exposed to periods of illumination following recovery and 

before being given access to the shaded chamber. The asymmetry of 

distribution was not correlated with the length of light exposure (r2 = 

0.12), but was significant at p  < 0.05 for exposures of 20 and 25 min. 

The experiment was intended to reveal any tendency for cockroaches to 

become increasingly stressed on exposure to light and to relieve such 

stress by moving to the shaded chamber when it was made available to 

them, but the results were inconclusive in this respect.

The experiment in which the photocycle was altered to continuous light 

or continuous dark pre-exposure produced significant results. Hie 

control cockroaches showed the normal slight preference for the dark 

chamber, while cockroaches either kept in continuous light or in 

continuous dark for the preceding 24 h showed a significant preference 

for the dark chamber. However, the explanation for the results is 

unclear.

The possibility that carbon dioxide anaesthetisation could have 

affected the preference for the dark was investigated. Carbon dioxide 

anaesthetisation produces hyperactivity on recovery and if repeated a 

number of times during the development of the insect can produce extra 

moults - symptomatic of stress conditions and also produced by poor
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food or loss of appendages. Many experimenters allow longer periods of 

recovery from carbon dioxide prior to initiating behavioural studies, 

generally of the order of 1 h (Ballard e t  a l., 1984) and recovery time 

was an important variable not investigated in the present series of 

experiments. Examination of the behaviour of cockroaches following 

carbon dioxide recovery showed an initial period of hyperactivity 

similar to that shown after pyrethrin treatment. In a large arena (100 

x 50 cm) where free running was possible cockroaches recovering from 

anaesthetisation generally showed brief intermittent periods of rest 

between bouts of rapid running, either spontaneous or when touched by 

another insect. This distinct phase lasted about 5-8 minutes, and was 

followed by apparently normal activity consisting of resting 

interrupted by brief periods of walking at a normal rate. These 

observations were consistent with those observed in the small arenas 

used in these tests.

Unanaesthetised cockroaches showed a significant (p < 0.05) preference 

for the shaded chamber whereas the corresponding preference of 

cockroaches anaesthetised once was not significant at this level. 

However there was no correlation between the preference of cockroaches 

for the shaded chamber and the number of times they were anaesthetised, 

and since cockroaches anaesthetised four times also showed a 

significant preference for the shaded chamber it was concluded that 

within this arena and under these experimental conditions the

106



anaesthetisation process had no marked effect on the light avoidance 

reaction.

An experiment was designed to establish whether or not the light 

avoidance reaction was an inherent characteristic of individual 

cockroaches, since the colony used in these experiments might have 

drifted genetically from the original field sample and the behavioural 

response lost from a proportion of the individuals. The results show 

clearly that this was not so, the proportion of "dark-seeking" 

individuals preferring the shaded chamber on re-exposure to light being 

approximately equal to that of the .\ri fH rial ^airrpje from which these 

individuals were selected.

In spite of the rather poor light avoidance reaction obtained in these 

initial experiments, it was decided to test the effect of pennethrin 

exposure on it. Hie LC50 value (30 min exposure) obtained with the 

25% pennethrin WP in continuous contact tests was comparable to that 

obtained by Chadwick (1971) and provided an index by which to g^Ijge the 

toxicity of deposits to which B . g e rm a n ic a was exposed and their 

relationship to a field application rate.

The cockroaches were exposed to the pennethrin deposit for 10 min 

during their recovery from anaesthetisation, the deposit corresponding 

to less than LC50over a  30 min exposure. The results were difficult to
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interpret, since cockroaches which were exposed in the chamber which 

was subsequently illuminated showed a significant preference (p < 0.05) 

for this chamber following lights-on, comparable to the response 

reported by Miall and le Patourel (1986), whereas the cockroaches which 

were exposed in the chamber which was subsequently shaded showed no 

greater difference in their preference for illuminated or shaded 

chamber than did untreated cockroaches. However, the experiment did 

appear to rule out the possibilities of (a) cockroaches preferring to 

harbour in the chamber in which they were exposed because of i ncreased 

levels of aggregation pheromone during the initial phase of 

intoxication, and (b) cockroaches preferring to rest in.tL** untreated 

chamber because of the excito-repellent properties of the permethrin 

deposit.

The experiment using the three chambered arena was similar to the one 

described by Miall and le Patourel (1986), giving cockroaches the 

option of resting either in an untreated shaded chamber or an 

illuminated one or remaining on the treated deposit in the illuminated 

central chamber. The arena was orientated perpendicular to the light 

source so that it was visible to the cockroaches from all three 

chambers. The tendency to accumulate in the illuminated chamber was 

evident in most of the tests and was significant at p  < 0.05 in two of 

them, supporting the view that the reversal of light avoidance 

behaviour following exposure was a genuine effect, but also indicating
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that it could not be produced consistently using this arena and 

bioassay method.
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CHAPTER 4

HATCHING OF OOfflECAE FROM FEMALE B la t t e l la  g e n n a n ic a  
EXPOSED TO HYDRAME1HYIN0N AND BORIC ACID BAITS

4.1 Introduction

Bait formulations of blatticides provide a  useful alternative to the 

use of residual deposits for control of cockroach infestations, 

particularly in domestic and other sensitive situations where 

insecticidal sprays constitute an unacceptable toxic, electrical or 

other hazard. They can be distributed '.unobtrusively in tamper-proof 

containers, and provided the formulation is stable they can be used for 

long term control in complex environments, particularly where 

re-invasion makes eradication impossible. Baiting may also be £  useful 

as a follow-up treatment to selective spray operations with residual 

insecticides.

Boric acid has been widely used in bait formulations for cockroach 

control, sometimes mixed with other insecticides. It is slow-acting, 

but non-repellent to cockroaches (Ebeling et al., 1967). The 

symptomology of poisoning suggests either direct or indirect action on 

the nervous system, but no cross-resistance has been recorded from 

populations resistant to other groups of neuruactive insecticides. An 

alternative commercial bait formulation (Maxforce*) is based on
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hydramethylnon, an amidinohydrazone insecticide which suppresses 

mitochondrial respiration through the inhibition of the electron 

transport chain (Hollinghaus, 1987). The toxicity of this compound 

varies markedly with temperature, a 10 fold decrease in LC50 to B . 

g e rm a n ic a being observed on raising the treatment temperature from 27° C 

to 38°C (Hollinghaus and Little, 1984; Silverman and Shapes, 1986).

The compound is rapidly broken down by light (Mallipudi et al., 1986) 

and is formulated in a waxy p a s t e  within sealed opaque plastic bait 

stations. Trials using these baits suitably distributed at a rate of 

12 stations per apartment have given good control of B .g e rm a n ic a  
populations in a residential complex in Florida for at leash 6 months 

(Milio e t  a l., 1986) and similar results have been reported from Japan 

(Hayashi et al., 1986).

The effectiveness of both bait formulations and residual deposits of 

insecticides for control of B la t t e l la  g e rm a n ica (L.) depends in part on 

the fate of oothecae carried by females which succumb to the poison. 

Exposure to deposits of a variety of neuroactive insecticides causes 

females carrying oo thecae to drop them premature ly, but many of these 

oo thecae hatch normally when their development period is complete 

(Woodbury, 1938), the proportion increasing with the relative humidity 

of the environment (Barson and Renn, 1983). Hatch rates may be somewhat 

reduced if the oo theca is deposited on an insecticidal deposit, and the 

new nymphs may pick-up a lethal dose during the first few hours
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following emergence (Hannon and Ross, 1987). However females ingesting 

slow-acting poisons at bait stations may die or shed their ootheca at 

locations well removed from the toxicant, and nymphs emerging from 

these oo thecae have the potential to maintain an infestation.

Barson (1982) showed that female B . g e rm a n ica exposed to both boric 

acid and iodofenphos baits drop their oo thecae prematurely, and that 

there was a reduction in the number of oo theca which hatched following 

deposition by females poisoned with boric acid compared with those 

deposited by untreated females. No information is available on the fate 

of oo thecae carried h y females when poisoned by hydramethylnon.

While B . g e rm a n ica breeds optimally at around 28° C it is not unusual to 

find cockroaches foraging away from locally warm habitats, and baits 

may be positioned in such areas. Also B . g e rm a n ica tends to become 

disorientated and wander erratically when poisoned by boric acid 

(Barson, 1982), and such movement may result in cockroaches dying 

outside locally warm habitats. The toxic effects of boric acid and 

hydramethylnon bait formulations and the fate of oo thecae of poisoned 

females were thus examined at both 20° C and 28° C.
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4.2 Materials and Methods

4.2.1 Insects

New adults were separated from tins containing nymphs (VI) within 7 

days of emergence and were kept together for a further 7 days. Females 

carrying oothecae were separated and either used directly (7-14 day old 

adults) or after a further 7 days (14-21 day old adults).

4.2.2 Baits and formulations

Maxforce* bait station formulations of hydramethylnon (1.65% w/w a.i.) 

were obtained from Wellcome Research Ltd., Crewe and were stored at 5°C 

in sealed bags prior to use. Boric acid was of British Pharmacopoeia 

grade and was purchased locally as finely powdered crystals. Bait 

formulations were prepared by mixing boric acid with powdered dog chow 

pellets in a 1 : 1 w/w ratio and packing 2.0 g of the mixture into 

carefully cleaned and dried Maxforce® bait stations from which the 

hydramethylnon formulation had been removed.
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4 . 2 . 3  E xp erim en ta l b io a s s a y

The experimental arenas were polythene containers (30 x 30 x 16 cm) 

each containing a bait station containing either 1.4 g of the Maxforce* 

formulation of hydramethylnon at 1.65% w/w a.i. in a waxy substrate or

2.0 g of the boric acid/powdered dog chow mixture at the centre of the 

containers, an open petri dish containing whole dog chow pellets (10 g) 

on one side and a water reservoir on the other. The relative humidity 

(r.h.) in each container was maintained at 90% using a saturated 

solution of barium chloride suspended from the lid.

4.2.4 Exposure of oothecae

Fifty female cockroaches 2-3 weeks from adult emergence and carrying 

oothecae were transferred from the culture tins to polyethylene 

containers and incubated at 20°C or 28°C in a 12 : 12 L:D photocycle, 

the experiment being timed from the point of transfer. In the controls 

the cockroaches were provided with food and water but no bait station. 

Bait stations were placed at the centre of the box, with an open petri 

dish containing the food pellets on one side and the water reservoir on 

the other. Three replicate boxes were incubated at two temperatures and 

adult mortality was recorded at 24 h intervals. The experiment w 

repeated with female adults 1-2 week old from emergence and with
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ootheca visible at the start of the experiment. Exposure was continued 

until all the cockroaches had died.

At the end of the exposure period the number of females which had 

deposited their oothecae, the nunber of these oothecae which had 

hatched following deposition, and the number of oo thecae which had 

hatched while still attached to the dead female cockroach was counted. 

Unhatched oothecae deposited during the exposure period and dead 

cockroaches carrying oothecae were transferred to individual specimen 

tubes lightly plugged with cotton wool, returned to the containers and 

monitored daily. Oothecae were scored as viable if they retained a dark 

green stripe of meconium along the side of the case. Non-viable 

oothecae acquired a shrunken appearance, darkened, and one or more egg 

cells turned black; such oothecae were retained for periodic 

examination for 4 weeks following apparent loss of viability but never 

subsequently hatched. Hie total number of egg cells and the number of 

cells containing unhatched embryos were also recorded. The time course 

of deposition and hatch of oothecae from untreated batches of females 

of both age groups was determined in the same manner.

A second experiment investigated the cause of the reduced hatch of 

oothecae from 2-3 week old females exposed to hydramethylnon baits at 

20°C. Groups of females were either (i) exposed to hydramethylnon 

baits as above; (ii) treated as the control groups above, but their
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oothecae manually removed; or (iii) decapitated and the thorax sealed 

with paraffin wax at 10 days after exposed to hydramethylnon baits (the 

time for 50% of this batch of cockroaches to succumb to the 

hydramethylnon bait at 20°C), or (iv) treated as controls. Three 

replicates of each test were carried out, using 35, 40 and 50 females 

per replicate. Five more replications were carried out for each test 

using 12 females per replication. The same data as for the first 

experiment was recorded.

4.3 Results

4.3.1 Symptomology of poisoning

Symptoms of poisoning by hydramethylnon appeared in some cockroaches 

after the first day of exposure to the bait station, affected 

individuals remaining motionless for long periods with their legs 

splayed. Cockroaches showing obvious symptoms of poisoning generally 

died within the subsequent 48 h.

The initial symptoms of boric acid poisoning comprised an increase in 

the level of activity, generally of a Uncoordinated nature. During 

the first 36 h of exposure to the bait, when a large proportion of the
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population was still apparently unaffected, some individuals showing 

symptoms of poisoning were subject to cannibalism, their heads and 

abdomens being partly eaten at death. Shortly before death many 

cockroaches became motionless, standing with legs extended vertically 

but with antennae moving normally.

4.3.2 Effect of temperature, age and sex on susceptibility of adults 

to hydranethylnon and boric acid baits

Fertilised females 14-21 days from emergence and carrying, oothecae 

showed a positive temperature coefficient of tolerance to 

hydramethylnon baits with respect to lethal response time under the 

bioassay conditions. Figure 4.1 shows the cumulative mortality of such 

cockroaches exposed to the baits at 28° C and 20° C. At 20° C the 

estimated LT50 was 6 days while at 28°C it was 3 days; similarly the 

mean time for all individuals in the populations to succumb to the 

baits at 20° C was nearly twice that at 28° C. Fertilised females taken 

from the culture 7-14 days following adult emergence showed a similar 

pattern of susceptibility to the baits at the two temperatures (Figure 

4.1). Boric acid also had a positive temperature coefficient of 

action but this was less marked than for hydramethylnon. The toxicity 

of the boric acid baits to 14-21 day old adult female populations was 

slightly greater than that of the hydramethylnon baits at both 28° C
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and 20° C as m easured b y  tim e  to  50% m o r ta lity , b u t th e  e f f e c t  o f  

te m p e ra tu re  on th e  t o x ic i t y  o f  th e  b a its  was n o t so g re a t (F ig u re  4 . 2 ,  

e s tim a te d  L T 50 ’ s : 1 -2  days a t  2 8 °C and 3 -4  days a t  2 0 ° C ) .  S im ila r  

r e s u lts  w ere o b ta in e d  fo r  p o p u la tio n s  o f  7 -1 4  d ay o ld  fem ales  exposed  

to  b o r ic  a c id  b a it s .

The exp e rim e n ts  w ere re p e a te d  s e v c r n l  tim e s  w ith  d if f e r e n t  b atch es  o f  

co ckro ach es , and w h ile  some v a r ia b i l i t y  ( 1 - 2  d ays) in  th e  tim e  to  50% 

m o r ta lity  was observed  betw een b a tch es  th e  r e la t iv e  v a lu e s  a t  th e  

d if f e r e n t  exp o su re  te m p e ra tu re s  and betw een  th e  tw o b a it  fo rm u la tio n s  

rem ained a p p ro x im a te ly  c o n s ta n t*

4 . 3 . 3  F a te  o f  o o th ecae

4.3.3.1 Untreated females

F ir s t  o o th ecae  w ere e x tru d e d  fro m  th e  g e n ita l pouch o f  fem ales  ab o u t 

10 days a f t e r  a d u lt  em ergence, so th a t  g ra v id  fem a les  s e le c te d  from

7 -1 4  day o ld  a d u lt  c u ltu re s  c a r r ie d  oo th e c a e  th a t  w ere up to  4 days  

o ld  and th o s e  fro m  14 -21  day o ld  c u ltu re s  c a r r ie d  oo th e c a e  th a t  w ere  

betw een 4 and 11 days o ld . U n tre a te d  fem a les  d e p o s ite d  t h e ir  oo th e c a e  

e ith e r  im m e d ia te ly  b e fo re  o r  d u rin g  th e  h a tc h in g  p ro c e s s . The
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c u m u la tiv e  p e rc e n ta g e  h a tc h  o f  o o th ecae from  fem ales  o f  b o th  age  

groups c u ltu re d  a t  28° C and th e n  t r a n s fe r r e d  to  c o n ta in e rs  e it h e r  a t  

20° C o r  28° C is  shown in  F ig u re  4 . 3 .  H atch  o f  oo th e c a e  to o k  p la c e  o v e r 

a  15 day p e r io d  w ith  96% h a tc h  f o r  th e  1 4 -2 1  day o ld  a d u lts  and o v e r a  

14 d ay  p e r io d  w ith  90% h a tc h  f o r  th e  7 -1 4  day o ld  a d u lts  a t  28° C .

Oo th e c a e  from  14 -21  d ay  o ld  fem ales  t r a n s fe r r e d  to  c o n ta in e rs  

m a in ta in e d  a t  2 0 °C s ta r te d  to  h a tc h  a f t e r  10 d ays , w ith  a l l  v ia b le  

oo th e c a e  (87%) h a tc h in g  w ith in  43 days o f  t r a n s fe r . H atch  o f  oo th e c a e  

from  7 -1 4  day o ld  fe m a le s  s ta r te d  a t  17 days a f t e r  t r a n s fe r  and was 

co m p le te  b y  th e  4 7 th  d a y , th e  mean h a tc h  o f  oo th e c a e  from  t h is  group  

o n ly  re a c h in g  52% ( F ig u re  4 . 3 ) .

4 . 3 . 3 . 2  Fem ales exposed to  h yd ram eth y ln o n  b a it

Fem ales (150  in  th re e  b a tc h e s  o f  50 a t  1 4 -2 1  days from  em ergence) w ere  

exposed to  hydrom ethylnon  b a its  a t  28° C u n t i l  a l l  had been k i l l e d  (7  

d a y s ) .  A t th e  end o f  th e  exposure p e r io d  138 (92%) fem a les  had d ie d  

w ith  t h e ir  o o th ecae s t i l l  a tta c h e d , a l l  o f  th e s e  oo th e c a e  had n o t 

h a tch ed  b u t app eared  v ia b le ;  12 fem a les  d e p o s ite d  t h e ir  o o th e c a e , 10 

o f them  w ere v ia b le  (T a b le  4 . 1 ) .  The f a t e  o f  a l l  unhatched o o th ecae  

is  shown in  F ig u re  4 . 4 .  A l l  had e it h e r  h a tch ed  o r  lo s t  v i a b i l i t y  

w ith in  14 days a f t e r  th e  end o f  th e  b a it in g  p e r io d ; o v e r a ll ,  121 (88%) 

o f th e  138 o o th ecae u lt im a te ly  h a tc h e d . O f th e  12 o o th ecae  d e p o s ite d
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F i g u r e  4 .3  C u m u l a t i v e  h a t c h  o f  o o t h e c a e  c a r r i e d  b y  f e m a l e  
a d u l t s  o f  B .  g e r m a n i c a  ( c o n t r o l  g r o u p ) .
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F i g u r e  4 . 4  C u m u l a t i v e  h a t c h  o f  o o t h e c a e  c a r r i e d  b y  f e m a l e  a d u l t s  
o f  B .  g e r m a n i c a  e x p o s e d  t o  h y d r a m e t h y l n o n  b a i t s .



by th e  fem ales  p r io r  to  d e a th  4 o o th ecae  h a tc h e d , and th e  rem a in d er o f  

th e  o o th ecae d e s ic c a te d  d u rin g  th e  e x p e rim e n ta l p e r io d  (T a b le  4 . 2 ) .

A p e r io d  o f  12 days exposure to  th e  h yd ram eth yln o n  b a its  was re q u ire d  

to  a c h ie v e  co m p le te  m o r ta lity  in  p o p u la tio n s  o f  1 4 -2 1  d ay o ld  fem a les  

fo llo w in g  rem o va l from  th e  c u ltu r e  and exposure a t  20° C; th e  fa te  o f  

a l l  unhatched o o th ecae  was d e te rm in e d  w ith in  a  fu r th e r  39 days  

in c u b a tio n  a t  th is  te m p e ra tu re . The number o f  o o th ecae  re ta in e d  b y  th e  

fem ales  a t  d e a th  (96%) was a p p ro x im a te ly  th e  same as  a t  28° C , a l l  w ere  

unhatched b u t a p p a re n tly  v ia b le  a t  th e  end o f th e  b a it in g  p e rio d  

(T a b le  4 . 1 ) .  H ow ever, th e  m a jo r ity  (83%) o f  th e s e  o o th ecae  f a i le d  to  

h a tc h  and s u b s e q u e n tly  d e s ic c a te d . A l l  th e  o o th ecae  d e p o s ite d  b y th e  

fem ales  d u rin g  th e  b a it in g  p e r io d  (6 )  lo s t  v i a b i l i t y  e it h e r  d u rin g  

th is  p e r io d  o r  s u b s e q u e n tly  (T a b le  4 . 2 ) .

S im ila r  r e s u lts  w ere  o b ta in e d  fo r  th e  7 -1 4  day o ld  fem a les  (T a b le  4 .1  

and 4 . 2 ,  F ig u re  4 . 4 )  a t  28°C,  th e  p e r io d  o f  maximmi o o th eca  h a tc h  

la g g in g  th a t  o f  th e  14 -21  day o ld  g ro u p  b y  a b o u t a  week and 96% o f  th e  

o othecae a tta c h e d  to  th e  fem a le  u lt im a te ly  h a tc h e d . O n ly  1 o f  th e  4 

o o th ecae d e p o s ite d  b y  th e  fem ales  p r io r  to  d e a th  s u b s e q u e n tly  h a tc h e d .

The tim e  re q u ire d  to  k i l l  a l l  th e  7 -1 4  day o ld  fem a les  (1 5  d ays ) a t  

2 0°0  w*»s s im ila r  to  th a t  o f  th e  o ld e r  group (F ig u re  4 . 1 ) .  M ost 

fem ales  (85%) re ta in e d  t h e ir  o o th ecae  a t  d e a th  b u t few  o f  th e s e
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TABLE 4.1

P ate  o f  oo th ecae  f ro a  a d u lt  f e i a l e  B . g e r a a a i c a  exposed to  b o r ic  a c id  o r hydraaethy lnon  b a i t s

in s e c t i c id e
b a i t

te a p e ra tu re
I 'C )

age o f  a d u l t  
p r e - b a i t in g  

(days)

nuaber o f oothecae t o ta l
oo thecae

te s te da tta c h e d  to  fe a a le  
h a tch ed  v ia b le  n o n -v iab le

d ep o site d  p r io r  to  death  
hatched v ia b le  n o n -v iab le

b o r ic  a c id 20 7-14 0 58 0 0 89 3 150
14-21 0 78 0 0 50 3 141

28 7-14 0 52 0 0 93 5 150
14-21 0 83 0 0 59 3 145

h y draae thy lnon 20 7-14 0 127 0 0 16 7 150
14-21 0 144 0 0 4 2 150

28 7-14 0 145 0 0 3 1 150
14-21 0 138 0 0 10 2 150

TABLE 4 .2

P ate  o f  o o th ecae  f ro a  a d u lt  f e a a le  8 .  g e r a a a i c a  exposed to  b o r ic  a c id  o r hydraae thy lnon  b a i t s

in s e c t i c id e
b a i t

te a p e ra tu re
(*C)

age o f  a d u l t  
p r e - b a i t in g  

(days)

e x p e r ia e n ta l
p e rio d
(d ay s)

nuaber o f oo thecae

a tta c h e d  to  fe a a le  d e p o s ite d  p r io r  to  death  
ha tched  n o n -v iab le  hatched  n o n -v iab le

to ta l
oo thecae

te s te d

b o r ic  a c id 20 7-14 40 0 58 2 87 150
14-21 40 20 58 5 59 141

28 7-14 26 41 11 50 48 150
14-21 25 57 26 27 35 145

hydraae thy lnon 20 7-14 57 11 116 0 23 150
14-21 51 24 120 0 6 150

28 7-14 26 140 6 1 3 150
14-21 21 121 17 6 6 150

c o n tro l 20 7-14 47 0 0 52 48 100
14-21 43 0 0 87 13 100

28 7-14 19 0 0 90 10 100
14-21 15 0 0 96 4 100
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o o th ecae (7.3%)  s u b seq u en tly  h a tch ed  ir r e s p e c t iv e  o f  w h eth er th e y  w ere  

a tta c h e d  to  th e  fem a le  body o r  had been d e p o s ite d  p r io r  to  d e a th  

(T a b le  4 .1  and 4 . 2 ,  F ig u re  4 . 4 ) .

The h yd ram eth yln o n  tre a tm e n t s ig n if ic a n t ly  reduced  th e  h a tc h  r a te  

r e la t iv e  to  th e  c o n tro l fo r  b o th  age groups a t  2 0 °C (T a b le  4 . 3 ) .  

How ever, th e  hydram ethylnon  tre a tm e n t to  th e  a d u lt  fem ales  d id  n o t 

s ig n if ic a n t ly  a f f e c t  th e  h a tc h  o f  oo th e c a e  o f  German cockroaches a t  

2 8 ° C fo r  b o th  age groups (T a b le  4 . 3 ) .

4 . 3 . 3 . 3  Fem ales exposed to  b o r ic  a c id

The t o t a l  h a tc h  o f  oo th e c a e  fro m  th e  fe m a le s  po iso n ed  w ith  b o r ic  a c id  

a t  28° C was s ig n if ic a n t ly  lo w e r th a n  th a t  o f  o o th ecae from  u n tre a te d  

fem a les  a t  b o th  tem p e ra tu re s  and fo r  b o th  age groups (T a b le  4 . 3 ;

F ig u re  4 . 5 ) .

The b o r ic  a c id  b a its  a c te d  m ore r a p id ly  th a n  th e  hydram ethylnon  b a its  

and 100% m o r ta lity  was a c h ie v e d  in  a l l  t e s t  p o p u la tio n s  w ith in  5 days  

a t  28° C and 10 days a t  20° C . No h a tc h  o f  o o th ecae was o bserved  d u rin g  

b a it in g  p e r io d  w h eth er a tta c h e d  to  o r  s e p a ra te d  fro m  th e  fe m a le  ( T a b le  

4 . 1 ) .  A s m a ll number (3  in  b o th  causes) o f  th e  o o th ecae w ere d e s ic c a te d  

a t  b o th  te m p e ra tu re s . H ie  f a t e  o f  u n h atch ed  o o th ecae o f  th e  14 -2 1  d ay
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TABLE 4 .3

H atch  o f  o o th ecae from  a d u lt  fem ale  B .  g e r m a n i c a  exposed  
to  b o r ic  a c id  o r  h ydram ethylnon  b a its  com pared w ith  u n tre a te d  
fem a les

in s e c t ic id e  te m p e ra tu re  age o f  a d u lt  p e rc e n ta g e  o f
b a it  ( °C )  p r e -b a it in g  h atch ed  o othecae

(d ays ) ( % )

b o r ic  a c id 20 7 -1 4 1 .3
14-21 1.8

28 7 -1 4 6 0 . 7
14-21 5 7 .9

hydram e th y  Irio n 20 7 -1 4 7 .3
14-21 1 6 .0

28 7 -1 4 9 4 . 0
14-21 8 3 . 3

c o n tro l 20 7 -1 4 5 2 . 0
14-21 8 7 . 0

28 7 -14 9 0 . 0
14-21 9 6 . 0
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F i g u r e  4 .5  C u m u l a t i v e  h a t c h  o f  o o t h e c a e  c a r r i e d  b y  f e m a l e  a d u l t s  
o f  B .  g e r m a n i c a  e x p o s e d  t o  b o r i c  a c i d  b a i t s .



o ld  fe m a le s , w h eth er a tta c h e d  to  th e  fe m a le  o r d e p o s ite d , was 

d e te rm in e d  o v e r th e  subsequent 20 days (F ig u re s  4 . 5 ) ;  a p p ro x im a te ly  

e q u a l numbers o f  th e  tw o ty p e s  o f  o o th ecae  u lt im a te ly  becom ing  

n o n -v ia b le . H a tc h in g  o f  b o th  ty p e s  s ta r te d  6 -8  days a f t e r  th e  b a it in g  

p e rio d  and more a tta c h e d  o o th ecae h a tch ed  th a n  oo th e c a e  w h ich  w ere  

d e p o s ite d  (69% v s .  44%; 14 -21  day o ld  fe m a le s , 28° C)

A s ig n if ic a n t ly  g re a te r  p ro p o rtio n  (42 .8% o f  th e  14 -21  d ay  a d u lt  

fem ales  and 65.3% o f  th e  7 -1 4  day a d u lt  fe m a le s ) d e p o s ite d  t h e ir  

o o th ecae d u rin g  exposure to  th e  b o r ic  a c id  b a it  th a n  d u rin g  exposure  

to  th e  h yd ram eth yln o n  b a i t  a t  28° C , an '- s i m i l a r  r e s u l i .s  w ere o b ta in e d  

a t  20° C . The numbers o f  o o th ecae h a tc h in g  from  th e  tw o age groups is  

shown in  T a b le  4 .2  and F ig u re  4 . 5 .  A t 2 8 °C th e  h a tc h in g  success o f  

o o th ecae d e p o s ite d  p re m a tu re ly  b y  fe m a le s  was s ig n if ic a n t ly  lo w e r (p  < 

0.01  fo r  b o th  age g ro u p s) th a n  fo r  th o s e  re ta in e d  b y  th e  fe m a le  a t  

d e a th  (51% v s .  79% f o r  7 -1 4  day o ld  fe m a le s ; 44% v s . 69% f o r  14 -2 1  day  

o ld  fe m a le s ); a  s im ila r  r e s u lt  was o b ta in e d  f o r  th e  1 4 -2 1  d ay  o ld  

group a t  2 0 °C (p  < 0 . 0 2 )  b u t to o  few  o o th ecae h a tch ed  fro m  th e  7 -1 4  

day o ld  group to  make a  co m p ariso n .
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4 .3 .4  Comparison o f  h a tch in g  su ccess o f  oothecae from hydram ethylnon- 
t r e a t e d ,  d e c a p ita te d , o r  u n tre a te d  fem ales and o f  m anually- 
de tached  oothecae.

The mean percen tage  hatch  from th e  fo u r groups o f  fem ales and th e  
range i s  shown in  Table 4 .4 . Hatch was reduced s ig n i f i c a n t ly  r e l a t i v e  
to  th e  c o n tro l  in  th e  th re e  t r e a t e d  groups o f  fem ales and th e  e f f e c t s  
o f  th e  p re -tre a tm e n ts  o f  th e  oothecae from 10 day o ld  a d u lt  fem ales o f  
German cockroaches was s ig n i f i c a n t  (p < 0 .0 5 ) . Duncan*s t e s t  in d ic a te d  
th a t  th e re  was no s ig n i f ic a n t  d i f fe re n c e  between th e  mean h a tch  o f  
m anually detached  oothecae, oothecae a tta c h e d  to  dead hydram ethrlno: • 
- t r e a te d  fem ales, o r  oothecae a tta c h e d  to  d e c a p ita te d  fem ales (p > 
0 .0 5 ) .

4 .4  D iscu ssion

4 .4 .1  U n trea ted  cockroaches

The cockroach ootheca i s  a  p ro te c t iv e  p ro te in  cap su le  en c lo sin g  th e  
eggs which i s  ex truded  and c a r r ie d  e x te rn a l ly  by th e  fem ale u n t i l  o r  
s h o r t ly  b e fo re  th e  young ha tch  (Ross, 1929; Roth and W illis  1955a). 
Oothecae a re  o c c a s io n a lly  dropped p rem atu re ly , u s u a lly  by v irg in
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fem ales c a rry in g  oothecae co n ta in in g  i n f e r t i l e  eggs (Roth and S tay , 
1962) b u t under normal c ircum stances fem ale B . g e im a n ic a  r e t a in  t h e i r  
oo th ecae  u n t i l  o r  s h o r t ly  b e fo re  th e  nymphs, emerge. During th e  
m atu ra tio n  p ro cess  th e  oo th ecae  rem ain w ater-perm eable a t  t h e i r  
a n te r io r  end, absorb ing  w ater from th e  fem ale th rough th e  g e n i ta l  
pouch (Roth and W ill is ,  1955a). Barson and Renn (1983) showed th a t  
th e  h a tch  r a t e  o f  m anually-detached oo th ecae  in c rea se d  w ith  in c re a s in g  
r e l a t iv e  hum id ity , and under h igh hLm idity c o n d itio n s  (90% r . h . ) more 
than 85% o f  oo th ecae  were re p o rte d  to  ha tch  norm ally  when detached  
from th e  fem ale a t  any tim e l a t e r  th an  9 days a f t e r  form ation  (Roth 
and W ill is ,  1955b),

4 .4 .2  E f fe c t  o f  hydramethylnon b a i t

Many in s e c t ic id e s  which a c t  on th e  in s e c t  nervous system , such a s  
p y re th ro id , carbam ate and organophosphorus e s te r s ,  cause fem ale B . 

g e rm a n ic a  to  d e p o s it t h e i r  oo th ecae  p rem atu re ly , even when a p p lie d  a t  
s u b - le th a l  doses (P arker and Campbell, 1940; Van den Heuval and 
Shenker, 1965; M uller and Coch, 1975). C onversely , fem ales poisoned 
by th e  r e s p ir a to r y  in h ib i to r s  n -b u ty l c a r b i to l  th io cy an a te  
(2 - (2-butoxyethoxy) -  e th y l th io c y a n a te ) and ro tenone la rg e ly  r e t a in  
t h e i r  oo th ecae  a t  dea th  {Parker and Campbell, 1940) a s  w ith  
hydram ethylnon. I t  might be a n t ic ip a te d  th a t  h a tch  o f  oo th ecae
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re ta in e d  by fem ales a t  d ea th  cou ld  be a f fe c te d  by to x ic a n t d i f fu s in g  
from th e  fem ale co rp se , a lthough  in  th e  c ase  o f  fem ales poisoned when 
th e i r  oo thecae were s t i l l  immature a  red u c tio n  in  ha tch  r a t e  m ight 
a ls o  be a t t r ib u te d  to  lo s s  o f  w ater t r a n s f e r  from th e  fem ale. P arker 
and Campbell re p o rte d  a  53% in h ib i t io n  o f ha tch  o f  oo th ecae  from 
fem ales po isoned  w ith  a  dose o f  n -b u ty l c a r b i to l  th io cy an a te  
s u f f i c ie n t  to  g iv e  100% k i l l ,  b u t a t  an u n s ta te d  tem p era tu re , 
hum idity , and s ta g e  o f  oo th e c a l  developm ent. Barson (1982) re p o rte d  a  
20% h a tch  o f  oo th ecae  dropped by fem ale B . g e rm a n ic a  exposed to  b o ric  
a c id  b a i t s  a t  27°C and 45% r . h . , an e f f e c t  a t t r ib u te d  to  th e  in c rea se d  
lik e lih o o d  o f  d e s ic c a tio n  a t  t h i s  low r .h . , , b u t th e  f a te  o f oothecae 
re ta in e d  by fem ales a t  dea th  was n o t re p o rte d .

The reason  f o r  th e  reduced ha tch  o f oothecae from fem ales t r e a te d  w ith  
hydramethylnon a t  20°C b u t n o t a t  28°C i s  u n c le a r . The p o s s ib i l i t y  
th a t  i t  i s  due to  a  g re a te r  accum ulation o f  th e  compound in  th e  body 
o f th e  fem ale a t  dea th  a t  th e  low er tem pera tu re  r e s u l t in g  in  d if fu s io n  
o f  th e  compound from th e  co rpse  to  th e  oo th ec a  i s  n o t supported  by th e  
lack  o f  a  s ig n i f i c a n t  d if fe re n c e  between th e  h a tch  o f  th e se  oo thecae, 
oothecae a t ta c h e d  to  d e c a p ita te d  fem ales, and oothecae m anually 
detached  from th e  fem ales a t  th e  tim e when 50% o f  th e  fem ales exposed 
to  th e  b a i t  had d ie d . While e x c re tio n  o f  hydramethylnon and i t s  
re s id u e s  from to p ic a lly -d o s e d  B .g e rm a n ic a  i s  d i r e c t l y  r e la te d  to  
environm ental tem pera tu re , and in s e c ts  t r e a te d  w ith  s u b - le th a l  doses
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have been shown to  r e t a in  an a p p rec ia b le  f r a c t io n  o f  th e  compound 
a f t e r  20 days a t  16° C w hile  e lim in a tin g  most o f  i t  w ith in  th e  same 
p e rio d  a t  28°C (Silverm an and Shapas, 1986), any d i f fu s io n  o f  t h i s  
accum ulated m a te r ia l to  th e  oothecae e v id e n tly  does n o t a f f e c t  t h e i r  
ha tch  r a t e  a t  20° C. An a l te r n a t iv e  ex p lan a tio n  i s  t h a t  a t  th e  low er 
tem peratu re  th e  e f f e c t  i s  due to  lack  o f  con tinued  w ater exchange 
between a d u lt  and oo theca , a lthough  t h i s  would presuppose a  marked 
tem perature  e f f e c t  on th e  w ater tr a n s p o r t  p ro cess .

4 .4 .3  E f fe c t  o f  b o r ic  a c id  b a i t

In  th e  case  o f  oo th ecae  from fem ales poisoned w ith  b o r ic  a c id , th e  
reduced h a tch  o f  p rem atu re ly -d ep o sited  oo th ecae  a t  bo th  tem pera tu res 
i s  a ls o  u n l ik e ly  to  be due to  t r a n s f e r  o f  to x ic a n t s in c e  d e p o s itio n  o f 
th e  oo th ecae  occurred  a t  th e  same tim e a s  th e  appearance o f symptoms 
o f  in to x ic a tio n , w ith  l i t t l e  tim e fo r  any s u b s ta n t ia l  d i f fu s io n  from 
a d u lt  to  eggs. In c reased  l ik e lih o o d  o f  d e s ic c a t io n  d u rin g  th e  
m atu ra tion  p rocess appears a  more p robab le  ex p la n a tio n  o f  th e  e f f e c t  
(Barson and Renn, 1983). Only in  th e  case  o f  oo th ecae  re ta in e d  by th e  
fem ales was th e re  th e  p o s s ib i l i t y  o f  s u b s ta n t ia l  d i f fu s io n  o f  to x ic a n t 
from fem ale to  eggs, b u t a  g re a te r  p ro p o rtio n  o f  th e se  oothecae 
hatched than  th ose  p rem atu re ly  d e p o s ite d  a t  bo th  te m p era tu re s , 
su ggesting  th a t  t r a n s f e r  o f  In s e c t ic id e  was no t a  s ig n i f ic a n t  f a c to r
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in reducing oothecal hatch.

Given th e  p o te n t ia l  o f  oothecae o f  fem ale B . g e rm a n ic a  poisoned by 
in s e c t ic id e s  to  h a tch  up to  s ix  weeks l a t e r  and r e in f e s t  a  t r e a te d

to  determ in ing  t h e i r  f a t e  fo llow ing  th e  demise o f  th e  p a re n t .  Both 
hydramethylnon and b o r ic  a c id  in  b a i t  fo rm u la tion s appear a b le  to  
reduce t o t a l  oo th eca l h a tch  r e l a t iv e  to  c o n tro ls  a t  a  tem pera tu re  
c lo se  to  th e  lower end o f  th e  range w ith in  which B . g e rm a n ic a  b reed s , 
and in  th e  case  o f  b o r ic  a c id  th e  e f f e c t  i s  a ls o  e v id e n t a t  th e  
optimum b:wrdiii£ tempera Lure, but th e re  i s  l i t t l e  evidence from th ese  
r e s u l t s  th a t  t r a n s f e r  o f in s e c t ic id e  from th e  fem ale to  th e  oo theca 
p lay s  an im portant p a r t  in  th e  p ro c ess .

The to x ic  a c t io n  find tim e cou rse  o f  po ison ing  produced by th e  b o r ic  
a c id  b a i t s  a t  28° C were s im ila r  to  th o se  re p o rte d  by Barson (1982) 
u sing  experim ental a ren as w ith  a  harbourage and a l te r n a t iv e  food 
so u rce . S e lf-d o sin g  a t  b a i t  s t a t io n s ,  p a r t ic u la r ly  by fem ales 
c a rry in g  oothecae, i s  known to  be sp o rad ic  when a  harbourage i s  
p rovided  (Silverm an, 1986) and a ls o  depends on th e  a t t r a c t iv e n e s s  o f  
th e  b a i t  r e l a t iv e  to  a l te r n a t iv e  food so u rces . However, th e  absence 
o f a  harbourage and p resence o f  a l te r n a t iv e  food in  th e  experim ents 
re p o rte d  here  d id  n o t appear to  a f f e c t  th e  tim e cou rse  o f  po ison ing  
fo r  t h i s  to x ic a n t to  any g re a t  e x te n t .

t h a t  more a t te n t io n  i s  n o t g iven
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The com paratively  sm all e f f e c t  o f  tem pera tu re  on th e  to x ic i ty  o f  b o r ic  
a c id  b a i t s  does n o t appear to  have been re p o rte d  p re v io u s ly  and i s  in  
c o n tr a s t  to  th e  la rg e  tem perature  c o e f f ic ie n t  o f  a c t io n  fo r  
hydramethylnon n o ted  bo th  in  experim ents re p o rte d  by H ollinghaus and 
L i t t l e  (1984) in  which th e  compound was ap p lied  to p ic a l ly  and in  th e se  
experim en ts.

Hie mode o f  a c t io n  o f  b o r ic  a c id  has n o t been e s ta b lis h e d  w ith  
c e r ta in ty ,  a lthough  th e  symptoms o f  po ison ing  suggest an e f f e c t ,  
d i r e c t  o r in d i r e c t ,  on th e  nervous system .
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CHAPTER 5

ACTION OF AMORPHOUS SILICA DUSTS ON B l a t t e l l a  g e rm a n ic a

5 .1  In tro d u c tio n

Amorphous s i l i c a  d u s ts  and p roducts based  on them have been used 
com m ercially f o r  cockroach c o n tro l f o r  a t  l e a s t  30 y e a rs . E beling  
(1971) has produced good evidence t h a t  amorphous s i l i c a s  m anufactured 
e i th e r  by d ry in g  s i l i c a  hydrogels (p r e c ip i ta te d  s i l i c a s )  o r  by burn ing  
s i l i c o n  te t r a h a l id e s  in  oxygen (pyrogenic  s i l i c a s ) a c t  a s  d e s ic c a n t 
in s e c t ic id e s  tow ards many in s e c t  s p e c ie s , adsorb ing  l i p id  "roi« the  
su rfa c e  o f  th e  c u t i c l e  a s  in s e c ts  craw l th rough lo o se  d e p o s its .
Removal o f  th e  w aterp roo f l i p id  la y e r  makes th e  in s e c t  v u ln e ra b le  to  
ra p id  w ater lo s s .  The p o te n t ia l  advan tages o f  d e s ic c a n t s i l i c a  
in s e c t ic id e s  in c lu d e  n e g lig ib le  to x i c i t y  to  manuals  and prolonged 
p e rs is te n c e  o f  a c t io n  o f  u n d istu rb ed  d e p o s its  (E beling , 1971).

Because s i l i c a  d e p o s its  a re  v i s ib l e  and e a s i ly  d is tu rb e d  s i l i c a s  have 
been used la r g e ly  to  p reven t in f e s ta t io n s  developing in  vo id  a re a s  such 
a s  hollow  w a lls , beh ind  p a n e llin g  and in  f a l s e  ro o fin g , r a th e r  th an  a s  
g e n e ra l purpose b l a t t i c id e s .  They can be a p p lie d  u sing  s tan d a rd  o r  
im provised d u s tin g  equipment, and p ro v id e  lo n g - la s t in g  p ro te c tio n  
a g a in s t  in f e s ta t io n  o f  in a c c e ss ib le  harbourages. When in co rp o ra ted  
in to  b u ild in g s  a t  th e  c o n s tru c tio n  s ta g e  th e y  d ep riv e  cockroaches o f
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p o te n t ia l  harbourages and th e  a b i l i t y  to  move f r e e ly  w ith in  th e  
s t r u c tu re  v ia  d u c tin g  and w a ll-v o id s  (Ebeling e t  a J . ,  1969).

S i l i c a  and s i l ic a -b a s e d  fo rm ulations have n o t proved a s  g e n e ra lly  
pop u lar a s  s y n th e tic  o rgan ic  in s e c t ic id e s  fo r  ro u tin e  d i s in f e s ta t io n  o f  
p rem ises, fo r  reasons which may in c lu d e  t h e i r  r e l a t iv e ly  slow a c t io n  
(Cornw ell, 1976) and th e  " rep e llen cy "  o f  t r e a te d  su rfa c e s  to  
cockroaches (E beling  e t  a l . , 1967, 1971).

The need fo r  an in te g ra te d  approach to  cockroach p o p u la tio n  management 
in  complex cr/vircviments has been emphasised by a  number o f w orkers, and 
in  view o f  th e  l im ite d  nimiber o f  in s e c t ic id e s  approved f o r  use  a s  
b l a t t i c i d e s ,  a v a i la b le  m a te r ia ls  need to  be examined to  determ ine how 
th ey  can be used to  optimum e f f e c t .  Amorphous s i l i c a s  cou ld  be used 
a lo n e  o r  to g e th e r  w ith  conven tional in s e c t ic id e s  in  a re a s  where people 
may c o n ta c t su rfa c e s  im ned ia te ly  a f t e r  tre a tm e n t o r  where cockroaches 
have developed r e s is ta n c e  to  o rg an ic  in s e c t ic id e s ,  b u t t h e i r  
l im i ta t io n s  need to  be c le a r ly  d e fin e d .

The f i r s t  p a r t  o f  t h i s  ch ap te r d e sc rib e s  th e  e f f e c t s  o f  c o n ta c t tim e 
and r e l a t iv e  hum idity  on th e  a c t io n  o f  two u n tre a te d  amorphous s i l i c a s  
id e n t i f ie d  a s  l e th a l  to  B l a t t e l l a  g e rm a n ic a  in  c o n ta c t t e s t s ,  and th e  
e f f e c t  o f  ‘‘jL-epelleiicy" on th e  t o x ic i ty  o f  d e p o s its  to  cockroaches 
prov ided  w ith  a  cho ice  o f t r e a te d  and u n tre a te d  su rfa c e s . Experim ents
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were dev ised  to  in v e s t ig a te  dose/resp onse  r e la t io n s h ip s  f o r  some 
commercial amorphous s i l i c a  p roducts covering  a  range o f  p h y s ic a l 
p ro p e r tie s  and th e  behaviour o f  th e  cockroaches dusted  su rfa c e d .

I t  appeared l i k e ly  th a t  th e  behaviour o f  cockroaches c o n s tra in e d  to
remain on d u sted  su rfa c e s  would d i f f e r  from th a t  on u n tre a te d  su rfa c e s ,
and th e re fo re  th a t  locom otory and grooming a c t i v i t y  would in flu en ce
p ick-up  a s  much a s  d u s t type  and su rfa c e  c o n c e n tra tio n . Three b io assay
methods were d ev ised  to  t e s t  th e  " in t r in s ic "  to x ic  e f f e c t  o f  d i f f e r e n t

i t s .d u s t ty p es : in ; f i r s t ,  th e  in s e c t  b r i e f l y  co n tac ted  a  t r e a te d  su rfa c e  
and was th en  h e ld  in  an u n tre a te d  a ren s fo r  de Lerroi n a tio n  o f  m o r ta l i ty  
a f t e r  a  f ix e d  p e rio d  -  t h i s  method was in tended  to  s im u la te  th e  l e th a l  
e f f e c t  o f  a  d u s t fo llow ing  a  b r i e f  encounter w ith  a  d e p o s it ,  w ith  th e  
cockroach a b le  to  groom and remove any d u s t p icked  up; in  th e  second 
th e  cockroach was h e ld  in  a  sm all c e l l  on a  t r e a te d  su rfa c e  -  th e  
cockroach cou ld  groom b u t c o n tin u a lly  recontam inated  i t s e l f  w ith  s i l i c a  
d e p o s it -  so t h a t  p ick -up  was n o t in flu en ced  by changes in  locom otory 
a c t iv i ty ;  in  th e  th i r d  th e  cockroach was p rovided  w ith  a  cho ice  between 
a  t r e a te d  and an u n tre a te d  su rfa c e  in  a  la rg e  darkened cho ice  chamber.

S i l ic a s  have been used  ex p e rim en ta lly  and conm erc ia lly  a s  c a r r i e r s  fo r  
conven tional o rg an ic  in s e c t ic id e s .  I t  has been claim ed t h a t  d u s t 
fo rm ulations o f  t h i s  type  can be e f f e c t iv e  a g a in s t  some in s e c ts
than would be expected  on th e  b a s is  o f  sim ple a d d it iv e  a c t io n  o f  th e
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two to x ic a n ts  (Shawir e t  a l . ,  1989). A commercial fo rm u la tion  o f 
sy n erg ised  p y re th r in s  adsorbed on s i l i c a  (D rione, Wellcome L td .) has 
been e x te n s iv e ly  used in  th e  U nited  S ta te s  fo r  cockroach c o n tro l ,  and 
th i s  prompted an in v e s tig a t io n  in to  th e  com parative e f fe c t iv e n e s s  o f 
a l te r n a t iv e  re s id u a l  p y re th ro id s  fo rm ulated  on a  s o rp t iv e  s i l i c a  and 
t a l c  when t e s te d  a g a in s t  B . g e rm a n ic a .

5 .2  M a te ria ls  and Methods

5 .2 .1  Chemicals and fo rm u la tion s

The p y re th ro id s  cyperm ethrin , a lpha-cy perm eth rin , d e lta m e th r in , 
perm ethrin  and c y f lu th r in  were purchased a s  a n a ly t ic a l  s tan d ard s  (> 98% 
w/w) from B r i t i s h  Greyhound Chromatography, B irkenhead.

The G asil s e r ie s  o f  p r e c ip i ta te d  s i l i c a s  was from C ro ss f ie ld  S i l i c a s ,  
W arrington and S ip e m a t 22 was from Degussa, F ra n k fu rt . The pyrogenic  
s i l i c a s  HDK H20 and N20 were from Wacker-Chemie GMBH, Munich, and th e  
Cab-O-Sil s e r ie s  from th e  Cabot C orpo ration , Boston.

S i l i c a  p roducts were: C ro s s f ie ld  s i l i c a s  -  G asil HP25. G asil ^ 3 r , Uaaix 
114, Gasil HP37, G asil GM2 and G asil 200; Wacker -  HDK H20; Cabot
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Carbon -  C ab-O -Sil M-7D; Degussa -  S ip e m a t 22. O il ab so rp tio n  
c a p a c i t ie s  o f  s i l i c a s  were determ ined by e q u i l ib r a t in g  a  sample (3 g) 
w ith  a  m ix tu re  o f  R is e l la  17 o i l  : d ie th y l  e th e r  (1 :3  v /v , 100 m l), 
f i l t e r i n g  under vacuum, a ir -d ry in g  and determ in ing  th e  w eight o f  o i l  
r e ta in e d .

5 .2 .2  B ioassays

Cockroach c u l tu re s  were m ain ta ined  in  a  c o n s tan t environm ent room a t  
40% r . h .  o u ts id e  the c u ltu r in g  t i n s  (unknown hum id ity  w ith in  th e  t i n s ) ,  
a  tem pera tu re  o f  30° C and a  12:12 (L:D) photophase from 8.00 g .m. to  
8.00 p.m . As f a r  a s  p o s s ib le , b io assa y s  were s e t  up to  commence a t  
around 10.00 a .m ., 2 h in to  th e  photophase and du rin g  th e  q u ie sce n t 
p e rio d  o f th e  d iu rn a l a c t i v i t y  c y c le .

5 .2 .3  B ioassays w ith  continuous exposure to  s i l i c a  d e p o s its

The b io assay  a ren a  was a  m odified  p l a s t i c  p e t r i  d is h  9 cm d ia .  and 1.5  
can h ig h . Amounts o f  s i l i c a s  va ry ing  from 0 .6  -  400 mg were weighed in to  
th e  d ish e s  and sp read  a s  even ly  a s  p o s s ib le  over th e  f lo o r  o f  th e  p e t r i  
d ish  u sing  a  f in e  b rush . The b ase  o f  th e  d ish  was d iv id e d  in to  10 equal 
sements u sing  a  c a rd  in s e r t  ( c e l l  d iv id e r ) .
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B atches o f  10 B . g e rm a n ic a  male a d u lts  2-3 week o ld  were taken  from th e  
c u l tu re  and coo led  to  0°C. Im m obilised cockroaches were p laced  in  an 
u p rig h t p o s i t io n  in  in d iv id u a l c e l l s  w ith in  th e  d ish  which was th en  
covered w ith  th e  open mesh l i d  and p laced  in  a  s e a le d  tr a n s lu c e n t 
po ly thene box (30 x 30 x 15 cm). D ishes s tack ed  in  th e  box were 
se p a ra te d  by sp acers  (1 cm h ig h ) . The box co n ta in ed  a  s a tu ra te d  NaCl 
s o lu tio n  to  m ain ta in  a  r e l a t iv e  hum id ity  o f  75% and was p laced  in  th e  
c o n stan t environm ent room a t  28° C. Cockroaches took approxim ately  2 
m inutes to  reco v er normal co n d itio n  a t  t h i s  tem pera tu re  b u t were more 
a c t iv e  th an  normal im m ediately fo llow ing  recovery . The s iz e  o f  th e  
exposure c e l l  made i t  d i f f i c u l t  f o r  th e  cockroach to  move o r  to  f a l l  on 
i t s  back du rin g  th e  exposure p e rio d , a lthough  most d id  so a t  d e a th .
Thus d if fe re n c e s  between p ick -up  o f  th e  p rodu cts  due to  movement o f  th e  
cockroach over th e  t r e a te d  su rfa c e , abdomen dragg ing , o r knockdown were 
m inimised in  th e se  t e s t s ,  a s  was th e  removal o f  d e p o s its  by grooming. 
The m o r ta l i ty  o f  th e  cockroaches was m onitored a f t e r  24 hou rs. There 
was no c o n tro l  m o r ta l i ty  w ith in  t h i s  tim e in  any o f  th e  experim ents.
L o g (d o se )/p ro b it (response) re g re ss io n s  and a s so c ia te d  s t a t i s t i c s  were 
determ ined by p ro b i t  a n a ly s is .
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5.2.4 Bioassays with short exposure to silica deposits

A square  p l a s t i c  d ish  (10 x 10 can) was m odified  so  th a t  th e  halved  l i d  
cou ld  be moved from one s id e  o f  th e  d ish  to  th e  o th e r  w ithou t 
d is tu rb in g  d u s t d e p o s its  on th e  b ase . One h a l f  o f  th e  base o f  each 
d is h , se p a ra te d  from th e  o th e r  by a  1 ran th in  c a rd  s t r i p ,  was d u sted  
w ith  v a rio u s  c o n c en tra tio n s  o f  e i th e r  G asil HP37 (p re c ip i ta te d  s i l i c a )  
o r  HDK N20 (pyrogenic s i l i c a ) . B atches o f  10 male German cockroaches 
2-3 weeks fo llow ing  a d u lt  emergence were taken  from th e  c u l tu re ,  p laced  
in  a  c o n ta in e r  and cooled  to  0°C. Im m obilised cockroaches were p laced  
in  ba tches o f  10 in  th e  u n tre a te d  h a l f  o f  th e  d is h  a^cd allow ed t,o 
recover f o r  30 min. They were moved c a r e fu l ly  to  th e  t r e a te d  h a l f  o f  
th e  d ish  by s l id in g  th e  l i d  a c ro s s , h e ld  th e re  fo r  th e  p e rio d  o f  1 .5 ,
5, 30 and 60 m inutes, and then  moved back to  th e  u n tre a te d  h a l f .  F o rty  
d ish e s  were s e t  up sim ultaneously  fo r  th e  two s i l i c a  d u s ts  a t  f iv e  
c o n c en tra tio n s  fo r  each o f  fo u r exposure p e r io d s . The d ish e s  were th en  
m aintained in  se a le d  poly thene boxes co n ta in in g  a  s a tu ra te d  sodium 
c h lo r id e  s o lu tio n  to  m ain ta in  a  r e l a t iv e  hum idity  o f  75%. The boxes 
were kep t a t  30° C and m o r ta l i ty  a sse sse d  a t  24, 48 and 72 h.

5 .2 .5  P ick -up  o f  s i l i c a  f r a  t r e a t e d  su rfa c e s

S i l ic a s  o f  G asil HP37, S ip e m a t 22 and Wacker HE® N20 were dyed w ith
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Rhodamine B a t  50 mg/g and d usted  onto one h a l f  o f  th e  s p l i t  b io assay  
a ren as d e sc rib e d  above a t  2 g/m2 . Batches o f  5 cockroaches were coo led  
to  0°C, t r a n s f e r r e d  to  th e  u n tre a te d  h a l f  of. th e  a ren a , and a llow ed to  
recover f o r  30 min. They were then  exposed to  th e  s i l i c a  d e p o s its  fo r  
p e rio d s  o f  1 .5 , 5, 30, 60, 90, 120 and 180 m inu tes, th en  moved back to  
th e  u n tre a te d  s id e  o f  th e  chamber, and ra p id ly  c h i l le d  to  0°C. 
Imm obilised cockroaches were p icked  o u t and e x tra c te d  w ith  5 ml e th an o l 
: to lu en e  (1:1 v /v ) ,  dye c o n c e n tra tio n s  being  es tim a ted  a t  556 ran and 
d u s t w eights co rrespo nd in g ly  determ ined. Dust p ick -u p  experim ents were 
r e p l ic a te d  5 tim es a t  each exposure in te r v a l ,  and were c a r r ie d  o u t a t  
3 0 ° and 10% r e l a t iv e  hum idity .

5 .2 .6  T o x ic ity  o f  s i l i c a  d e p o s its  in  cho ice  boxes

Choice boxes (F igu re  5 .1 ) were o f  wooden c o n s tru c tio n  w ith  a  base  a re a  
o f  100 x 50 cm and s id e s  o f  h e ig h t 5 can. Holes in  th e  base  accon^xilated 
s a tu ra te d  s a l t  s o lu tio n s  to  modify th e  r e l a t iv e  hum id ity  in  th e  box, 
and th e  base  was covered w ith  a  sh e e t o f f i l t e r  p ap er. A PTFE-painted 
b lock  served  a s  th e  c e n t r a l  p a r t i t i o n ,  w ith  gaps o f  5 cm a t  e i t h e r  end 
to  a llow  th e  cockroaches to  move between th e  two h a lv es  o f  th e  box. The 
g la s s  to p  weis e n t i r e ly  covered w ith  s in g le  th ic k n e ss  red  ce llo p h an e  
enab ling  unaer-va Lions to  be made w ithou t any ap p aren t d is tu rb a n c e  o f 
th e  cockroaches. The w a lls  were l in e d  w ith  PTFE-painted g la s s  in s e r t s
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to confine the cockroaches to the floor of the boxes; these were

cleaned and re-painted and the filter paper base replaced prior to each

experiment.

5 .2 .6 .1  E f fe c t  o f  p re - tre a tm e n t o f  cockroaches

B atches o f  20 cockroaches were a n a e s th e tis e d  w ith  CO2 and kep t in  a  
g la s s  j a r  f o r  24 h e i th e r  w ith  food and w ater p rovided  a d  l i b . o r  w ith  
no food o r  w ate r. Groups from both  ty p es o f  p re -tre a tm e n t were 
t r a n s f e r r e d  to  th e  u n tre a te d  h a l f  o f  ch o ice  boxes i*y^IrWi a t  75^
r .h .  and e i th e r  allow ed immediate access  to  th e  t r e a te d  h a l f  ( s i l i c a  
HP37 d u s te d  a t  1.15 g/m2 ) o r  confined  to  th e  u n tre a te d  h a l f  o f  th e  box 
fo r  a  p e rio d  o f  2 hours p r io r  to  removal o f  an in te rn a l  b a r r i e r  which 
allow ed access  to  th e  t r e a te d  h a l f .  Timing fo r  b o th  experim ents was 
from th e  p o in t a t  which th e  in s e c ts  were allow ed access to  th e  t r e a te d  
h a l f .  Nine r e p l ic a t io n s  were c a r r ie d  o u t fo r  each o f  two ty p es  o f  
p re - tre a tm e n t under each o f  two exposure c o n d itio n s .

5 .2 .6 .2  E f fe c t  o f  r e l a t i v e  hum id ity  and p resen ce  o f  f r e e  w ate r on 
to x ic i ty  o f  s i l i c a  d e p o s its

B atches o f  20 cockroaches were a n a e s th e tis e d  w ith  CO2 and k ep t w ith o u t
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food o r  w ater fo r  24 h . They were t r a n s f e r r e d  to  th e  u n tre a te d  s id e  o f 
a  cho ice  box t r e a te d  on th e  a l te r n a t iv e  s id e  w ith  s i l i c a  HP37 a t  1.15 
g/m2 , and allow ed immediate access to  th e  s i l i c a  d e p o s it .  In th re e  o f  
th e  fo u r cho ice  boxes th e  r e l a t iv e  hum id ity  was c o n tro l le d  by 
s a tu ra te d  s a l t  s o lu tio n s  (58%, 85% and 95% r . h . ) w hile th e  fo u r th  box 
was p rov ided  w ith  2 w ater d isp e n se rs  (2 can3 g la s s  v i a l s  w ith  c o tto n  
wicks) lo c a te d  a t  th e  c o m e rs  o f  th e  t r e a t e d  s id e  ( r e la t iv e  hum idity  
undeterm ined, v a r ia b le  w ith in  th e  b o x ). The experim ent was a  
randomised b lock  d esig n  w ith  fo u r r e p l ic a te s  fo r  each t e s t  c o n d itio n .

5 . 2 . 6 . 3  T o x ic ity  o f p y r e th r o id /s ilic a  co m b in a tio n s  a g a in s t th e  German 

co ckro ach

S o lu tio n s  (10 ml) o f  p y re th ro id s  a t  known c o n c e n tra tio n s  in  hexane : 
acetone (24:1 v /v ) were added to  5 .0  g s i l i c a  and mixed tho rough ly .
The m ix tu res were a i r - d r i e d  fo r  24 h, vacuum -dried (2 h) a t  room 
tem pera tu re , and siev ed  through an 85 mesh s ie v e . Samples were s to re d  
in  th e  dark  a t  4°C. S i l ic a /p y re th ro id  m ix tu res c o n ta in in g  0.1%, 0.05% 
and 0.01% w/w o f  p y re th ro id  on s i l i c a  were p rep ared .

Samples (1 g/m2 ) o f  d u s t were weighed on a  m icro-balance  and sp read  as  
even ly  as  p o s s ib le  on th e  t r e a te d  s id e  o f  s p l i t - a r e a  a ren as ( 5 . 2 . 4 ) .
Ten a d u lt  male cockroaches, 2-3 weeks from th e  l a s t  nymphal m oult, were
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a n a e s th e tis e d  w ith  carbon d io x id e  in  c u l tu re  t i n s ,  removed and re ta in e d  
in  th e  u n tre a te d  s id e  o f  th e  a rena  fo r  1 h a t  30° C. They were th en  
moved to  th e  t r e a te d  s id e , h e ld  th e re  fo r  3 m in ., and moved back to  th e  
u n tre a te d  s id e .  The a ren as  were t r a n s f e r r e d  to  se a le d  po ly thene 
c o n ta in e rs  over a  s a tu ra te d  s a l t  s o lu tio n  to  m ain ta in  75% r .h .  The 
cockroaches were n o t su p p lied  w ith  w ater and food du rin g  th e  
experim ental p e r io d  (24 h ) . M o rta lity  was a sse ssed  a t  24 h fo llow ing  
exposure, th e  b io assay s  being conducted a t  30°C. Experim ents were 
s t a r te d  1-2 h in to  th e  photophase o f  th e  12:12 pho tocyc le .

5 .3  R esu lts

5 .3 .1  B ioassays w ith  continuous exposure to  s i l i c a  d e p o s its

The r e s u l t s  a re  shown in  Table 5 .1  to g e th e r  w ith  some p h y s ic a l 
p ro p e r t ie s  o f  th e  s i l i c a  d u s ts .  Only one o f  th e  b io assay s  gave d a ta  
which was a  pxx>r f i t  to  th e  p ro b i t  (m o r ta l i ty ) / lo g  (dose) re g re ss io n  (P 
< 0 .0 5 , c h i square  t e s t ) ,  t h i s  be ing  a p p a re n tly  due to  s c a t t e r  r a th e r  
than  a  c o n s is te n t  tre n d  away from l i n e a r i t y .  T o x ic ity  to  B . g e rm a n ic a  

as estim ated  by th e  LC50 g e n e ra lly  iiio ieased  w ith  in c re a s in g  o i l  
ad so rp tio n  c a p a c ity  o f  the  two d u s t ty pes, w hile speci f in  su rfa c e  a rea
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TABLE 5.1

Physical properties and toxicity of soie silica dusts to Blattella genanica at 
at 30'C and 75X r.h. (continuous exposure for 24 h)
silica surface

area
(«l /g)1

oil
absorption 
(g/100 g)

LC50
U/n1)

confidence
interval

(95X)
regression P

Gasil 23P 290 343.8(4.5) 0.23 0.39-0.10 y = 0.97 + 1.51 x 0.25
(Iasi 1 HP37 280 311.7(19.3) 0.32 0.44-0.22 y = 1.17 t 2.37 x 0.06
DDK H20 170 456.9(6.4) 0.53 0.64-0.43 y  ̂ 1.05 + 3.76 x 0.001*
RH5 390 739.0(9.6) 0.56 1.00-0.11 y = 0.78 t 3.08 x 0.38
115 325 734.4(21.4) 0.58 0.90-0.25 y = 0.95 + 4.0) x 0.79
hdk m 200 730.0(3.9) 0.66 0.94-0.39 y = 1.03 * 5.73 x 0.74
Gasil HP25 400 198.4(3.8) 0.74 0.99-0.44 y = 0.46 + 3.58 x 0.84
Gasil 114 320 244.4(8.4) 0.92 2.05-0.38 y = 0.14 + 3.73 x 0.44
Gasil AP 320 210.1(3.4) 1.61 3.98-0.66 y = -0.53 + 2.55 x 0.41
M-7D 200 554.7(2.4) 2.41 3.12-1.88 y = -0.90 + 2.37 x 0.45
Sipernat 22 190 290.2(1.3) > 7.80 - - -
Gasil GM2 750 55.4(3.6) > 7.80 - - -
Gasil 200 750 69.3(1.1) > 7.80 - - -

1 aanufacturer’s data
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as  e s tim a ted  by n itro g e n  a d so rp tio n  (B.E.T. method, m anufacturers* 
d a ta )  was a  poor p re d ic to r  o f  l e th a l  e f f e c t .  Of 13 s i l i c a  d u s ts  te s te d  
in  th e  experim ents, 6 having o i l  a d so rp tio n  c a p a c i t ie s  from 3000 g /kg  
to  7400 g /kg  gave LC50 va lues between 0.23 and 0.66 g/m2 , and th re e  
having o i l  a d so rp tio n  c a p a c i t ie s  from 2000 to  2440 g/kg gave LC50 
va lu es between 0.74 and 1.61 g/m2 . One pyrogenic s i l i c a  (Wacker M-7D) 
w ith  a  r e l a t iv e ly  h igh  o i l  a d so rp tio n  c a p a c ity  (5540 g/kg) had an 
anom alously low to x ic i ty  w ith  an LC50 o f  2.41 g/m2 . Three o f th e  
s i l i c a s  proved n o n -tox ic  to  th e  cockroaches under th e  c o n d itio n s  o f  th e  
t e s t  and had^prl^LC50s g re a te r  th an  7 .8  mg/m2 . Two o f  th ese  (G asil GM2 
and Oasi.] 200) had low o i l  a d so rp tio n  c a p a c i t ie s  (550 and 690 g /k g , 
re s p e c tiv e ly )  b u t had h igh s p e c if ic  su rfa c e  a re a s  (750 m2 / g ) . Hie low 
pore volumes o f  th e se  m a te r ia ls  (0 .4  m l/g) may l im i t  t h e i r  a b i l i t y  to  
adsorb  l i p id .  The th i r d  (S ip e m a t 22) held an o i l  a d so rp tio n  c a p a c ity  
comparable to  th a t  o f  th e  more to x ic  s i l i c a s  b u t a  bu lk  d e n s ity  c lo s e r  
to  th a t  o f  th e  pyrogenic s i l i c a s .

Pyrogenic s i l i c a s  were le s s  to x ic  th an  would have been expected  on th e  
b a s is  o f  t h e i r  o i l  ad so rp tio n  c a p a c i t ie s  r e l a t iv e  to  those o f  th e  
p r e c ip i ta te d  s i l i c a s .
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Although tre n d s  a re  ev id en t in  th e  e f f e c t s  o f  su rfa c e  c o n c e n tra tio n  o f  
s i l i c a ,  exposure tim e and post-ex posu re  ho ld ing  tim e on m o r ta l i ty  
(Table 5 .2 ) ,  th e  m o r ta l i ty  in  th e se  experim ents was c o n sid e rab ly  more 
v a r ia b le  th an  f o r  th e  continuous exposure b io assa y s .

For bo th  ty pes o f  s i l i c a  cockroach m o r ta l i ty  in c rea sed  up to  72 h a f t e r  
removal from th e  d u s t d e p o s it ,  even a f t e r  b r i e f  exposures. I t  was n o t 
p o s s ib le  to  ex tend  th e  ho ld ing  tim e beyond 72 h in  th e  absence o f  f re e  
w ater w ith o u t producing c o n tro l m o r ta l i ty  due to  n a tu ra l  d e s ic c a t io n . 
There d id  n o t appear to  be c le a r  d if fe re n c e s  in  th e  m o r ta l i ty  produced 
by a  g iven  s u rfa c e  co n c en tra tio n  a t  any o f  th e  th re e  p ost-ex posu re  
ho ld ing  p e rio d s  fo r  exposures o f  5 min o r  more, b u t a  1.5 min exposure 
to  e i th e r  d u s t gave a  lower k i l l  a t  72 h p o s t- tre a tm e n t th an  lo n g er 
exposure p e r io d s . For any given  exposure tim e and post-ex posu re  
ho ld ing  p e rio d , cockroach m o r ta l i ty  g e n e ra lly  showed an in c re a s in g  
tre n d  w ith  su rfa c e  c o n c en tra tio n  o f  e i th e r  o f th e  two s i l i c a s ,  b u t th e  
v a r i a b i l i t y  o f  th e  m o r ta l i ty  d a ta  was to o  g re a t  to  a ttem p t a  p ro b i t  
a n a ly s i s .

5 .3 .2  B io a s s a y s  w it h  s h o r t  e x p o s u re  t o  s i l i c a  d e p o s its
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TABLE 5 .2

T o x ic ity  o f  s i l i c a  d u s ts  in  d isco n tinuou s c o n ta c t b ioassays
su rfa c e  
cone. 

(mg/m2 )
exposure no . dead 

tim e (ou t o f  10) 
(m in .) a t  24 48 72h

su rfa ce  
cone. 

(mg/m2 )
exposure

tim e
(min)

no. dead 
(o u t o f  10) 
a t  24 48 72h

G a sil HP37 Wacker HDK N20
0.22 60 0 0 1 0.25 60 0 0 1
0.50 6 6 8 0.51 0 0 2
0.86 6 7 7 0.82 0 0 0
1.12 6 6 8 1.15 1 4 7
1.46 4 4 6 1.40 10 10 10
0.22 30 0 0 0 0.22 30 0 0 0
0.52 0 0 2 0.51 1 5 8
0.88 1 1 2 0.81 6
1.16 3 7 9 1.11 10 1U JLU
1.38 7 10 10 1.41 2 9 10
0.22 5 0 0 0 0.22 5 0 0 0
0.52 0 0 2 0.51 1 4 6
0.90 4 7 9 0.80 3 8 10
1.20 3 5 8 1.15 4 8 10
1.42 10 10 10 1.40 0 1 6
0.20 1.5 0 0 0 0.22 1.5 0 0 2
0.52 0 0 0 0.52 0 0 0
0.78 0 0 0 0.81 0 1 1
1.14 0 0 3 1.13 3 8 10
1.44 1 3 8 1.44 0 2 3
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5 .3 .3  P ic k - u p  o f  s i l i c a s  fro m  t r e a te d  s u r fa c e s

The mean w eight o f  d u s t p icked-up  by th e  cockroaches i s  shown in  Table
5 .3  and F igu re  5 .2 . A ggregations o f  s i l i c a  p a r t i c le s  accum ulated on th e  
t a r s i  and to  a  le s s e r  e x te n t on th e  t i p  o f  th e  abdomen. S a tu ra tio n  o f  
th e se  accum ulation s i t e s  was a p p a re n tly  com plete w ith in  approxim ately  
90 s  fo r  th e  S ip e m a t 22 and HDK N20, and 90 min fo r  th e  more to x ic  
s i l i c a  d u s t G asil HP37. T h e re a fte r  th e  w eight o f  d u s t remained more o r  
le s s  c o n s ta n t fo r  exposure p e rio d s  up to  3 hours. There was a  c le a r  
d if fe re n c e  between th e  to x ic  G a sil HP37 and th e  l e s s  to x ic  S ip e m a t 22 
avid Waeker HDK N20 in  th e  amount o f  d u s t p icked  up by th e  cockroaches 
during  th e  exposure p e rio d . The d if fe re n c e  was ap paren t from exposure 
p e rio d s  o f  5 m inutes up to  3 h o u rs , th e  cockroaches p ick in g  up 
s ig n i f i c a n t ly  more G a sil HP37 th an  S ip e m a t 22 and Wacker HDK N20.
These r e s u l t s  a re  in  accordance w ith  th e  to x ic i ty  o f  th e se  d u s ts  to  th e  
German cockroaches in  continuous exposure experim ents (Table 5 .1 ) .

5 . 3 . 4  E f fe c t  o f  p re -tre a tm e n t o f  cockro ach es on t o x ic i t y  o f  s i l i c a  in  

c h o ic e  boxes

On being allow ed access  to  th e  t r e a te d  a re a  o f  th e  cho ice  boxes th e  
cockroaches i n i t i a l l y  showed sp o rad ic  locom otory a c t i v i t y  
(u n q u an tified ) re g a rd le s s  o f  p re - tre a tm e n t, and d i s t r ib u te d  them selves
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TABLE 5 .3

P ick-up o f  s i l i c a  d u s ts  by male German cockroaches from a  p e t r i  
d ish  d u sted  a t  2 g/m2

exposure 
tim e (min)

mean
G asil HP37

(s . e .)  amount o f  d u s t 
Wacker HDK N20

(m g /in se c t) 
S ip e m a t 22

1.5 0.094(0.030) 0 .043(0 .008) 0 .045(0 .001)
5 0.196(0.052) 0 .023(0 .007) 0.044(0 .001)

30 0.189(0.028) 0 .022(0 .005) 0.041(0 .001)
60 0.258(0.047) 0 .032(0 .008) 0.046(0 .002)
90 0.524(0.139) 0 .041(0 .011) 0.042(0 .001)

120 0.487(0.146) 0 ,122(0 .024) 0.041(0 .001)
180 0.520(0.158) 0 .150(0 .032) 0.043(0 .001)
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F ig u r e  5 .2  P ic k - u p  o f  s i l ic a  d e p o s its  b y  B .  g e rm a n ic a  

w i t h  t im e  in  p e t r i  d is h  c h a m b e r .



a p p a re n tly  randomly over both  t r e a te d  and u n tre a te d  su rfa c e s . There 
was no evidence o f  tu rn in g  movements o r  change in  w alking speed when 
e n te rin g  th e  t r e a t e d  s id e  o f th e  boxes from th e  u n tre a te d  s id e . A fte r  
about 20 min a  tendency fo r  th e  cockroaches to  accum ulate on th e  
u n tre a te d  s id e  o f  th e  box was ap p a ren t, th e  a c t i v i t y  le v e l  dropped on 
th e  u n tre a te d  s id e ,  and many o f  th e  in s e c ts  rem ained s ta t io n a ry , 
removing d u s t from accLHnulation s i t e s  on th e  an tennae and f ro n t  two 
p a ir s  o f le g s  by p assin g  than  through th e  mouth p a r t s ,  and from th e  
hind le g s  by rubbing  th an  on th e  r e a r  o f  t h e i r  abdomens. Grooming 
a c t i v i t y  by in s e c ts  on th e  s i l i c a  d e p o s its  was a ls o  observed, b u t th e  
in se c ts  d id  n o t s e t t l e  and a p p a re n tly  normal w alking a c t i v i t y  fo lic ;:e d  
w ith in  a  s h o r t  tim e.

M o rta lity  o f  th e  cockroaches in  th e  cho ice  boxes i s  shown in  Table 5 .4  
fo r  o b se rv a tio n  tim es up to  24 h , a s  i s  th e  p ro p o rtio n  o f  su rv iv in g  
cockroaches in  th e  u n tre a te d  h a l f  o f  th e  cho ice  box a t  th e se  
o b serv a tio n  tim es in  Table 5 .5 . There was an ap p a ren t t re n d  tow ards a  
g re a te r  mean m o r ta l i ty  among cockroaches dep rived  o f  food and w ater fo r  
24 h (Table 5 .4 ) ,  b u t p ro lo n g a tio n  o f  th e  exposure decreased  th e  
d if fe re n c e  between th e  mean m o r ta l i t i e s  due to  in c re a s in g  m o r ta l i ty  in  
th e  groups p rov ided  w ith  food and w ater p r io r  to  t e s t in g  (Table 5 .4 ) .  
Mean m o r ta l i ty  o f  cockroaches which had been allow ed a  2 h acc lim a tio n  
pt': f ii A i in th e  u n tre a te d  s id e  was n o t s ig n i f i c a n t ly  d i f f e r e n t  from th a t  
o f cockroaches allow ed im nediate access  to  th e  d e p o s it .  However, fo r
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TABLE 5 .4

M o rta lity  o f  German cockroaches in  cho ice  boxes h a l f - t r e a te d  w ith  
G asil HP37 a t  1.15 mg/m2 over a  24 h exposure p e r io d  (n=9)
p re -tre a tm e n t exposure p e rio d (h)

1 2 4 6 12 24
s ta rv e d
co n d itio n ed 1 1.2 4.6 4 .9 12.6 23.2 82.2
s ta rv e d
unconditioned 0 .0 2.8 13.0 27.7 59.3 98.3
unsta rv ed
co nd itio ned 0 .0 11.1 22.8 22.8 25.6 35.8
unstarved
co n d itio n ed 0 .0 0 .0 1.1 1.1 2 .2 46.5

1 Cockroaches h e ld  fo r  24 h fo llow ing  removal from c u l tu re  t i n  
e i th e r  w ithou t (s ta rv e d ) o r  w ith  (unstarved) food and w a te r. 
(Cockroaches were e i th e r  h e ld  fo r  2 h in  u n tre a te d  h a l f  o f  cho ice  
boxes p r io r  to  being  g iven access  to  t r e a te d  h a l f  (co nd itioned ) o r  
allow ed im m ediately access to  t r e a te d  h a lf  fo llow ing  a d d it io n  to  
u n tre a te d  h a l f  o f boxes.
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each p re -tre a tm e n t and a t  a l l  o b se rv a tio n  tim es s ig n i f i c a n t ly  more o f  
th e  su rv iv in g  cockroaches were found r e s t in g  on th e  u n tre a te d  s id e  o f  
th e  boxes; th e  low est p ro p o rtio n  was 0.84 (Table 5 .5 ) .

5 .3 .5  E ffe c t o f  r e l a t iv e  hum id ity  and presence o f  f r e e  w ater on th e  
to x ic i ty  o f  s i l i c a  d e p o s its  in  cho ice  boxes

Mean m o r ta l i ty  o f th e  cockroaches exposed to  G a sil HP37 a t  1.15 mg/m2 
in  cho ice  boxes a t  d i f f e r e n t  r e l a t i v e  hum idity i s  shown a s  a  fu n c tio n  
o f  exposure tim e in  Table 5 .6 . Hie t o x i r :;ry  c f  the  d e p o s its  decreased  
m arkedly w ith  in c re a se  o f  r e l a t iv e  hum id ity  in  th e  cho ice  boxes a t  each 
exposure tim e over 24 hours, and s ig n i f i c a n t ly  more cockroaches were 
lo c a te d  in  th e  u n tre a te d  chamber o f  t r e a te d  cho ice  boxes r e l a t iv e  to  
th e  number o f  cockroaches on th e  coresponding chamber o f u n tre a te d  
cho ice  boxes (Table 5 .7 ) .

Cockroaches re le a se d  in to  a  cho ice  box w ith  w ater d isp e n se rs  a ls o  
showed a p p a re n tly  random a c t i v i t y  between th e  two s id e s  o f  th e  box, b u t 
when th e i r  antennae co n ta c te d  th e  d isp e n se r  wick th ey  im m ediately 
stopped to  d r in k . T heir subsequent d i s t r ib u t io n  and behaviour was 
s im ila r  to  th a t  o f  cockroaches d ep riv ed  o f w ate r, b u t grooming o f  
appendages was more prolonged and th e  appearance and movement o f  th e  
cockroaches which su rv ived  th e  tre a tm e n t was c lo s e r  to  th a t  o f  c o n tro ls
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TABLE 5 .5

Mean p ro p o rtio n  o f t o t a l  l iv e  2-3 
a d u lt  emerging in  u n tre a te d  (ITT) 
w ith  G a sil HP37 a t  1.15 mg/m2

wk male 
chamber

a d u lts  B.  
o f cho ice

g e rm a n ic a  from 
boxes h a l f - t r e a te d

1 h 2 h 4 h 6 h 12 h 24 h
s ta rv e d :
co n d itio n ed 1 0.96 0.99 0.98 0.95 0.84 0.98

(0.06) (0.03) (0 .04) (0.09) (0.17) (0 .03)

unconditioned 0.96
(0.06)

0.98
(0.05)

0.91
(0 .11)

0.96
(0.07)

0.87
(0.25)

-

un sta rv ed :

co n d itio n ed 0.91 0.93 0.98 0.99 0.96 0.99
(0.12) (0.13) (0 .03) (0.04) (0.05) (0.02)

unconditioned 0.96 0.96 0.95 0.96 0.88 0.93
(0.07) (0.09) (0 .11) (0.11) (0.12) (0 .10)

1 a s  Table 5 .4
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TABLE 5 .6

Mean m o r ta l i ty  o f  male a d u lt  German cockroaches in  cho ice  boxes 
h a l f - t r e a te d  w ith  G a sil HP37 a t  1.15 mg/m2 a t  v a r io u s  r e l a t iv e  
h u m id ities  in  th e  cho ice  boxes1
r e l a t iv e  a ren a  exposure p e rio d  (h)
hum idity 1 2 4 6 12 24

58% tr e a te d 2.5 8 .8 40.0 47.5 50.0 81.3u n tre a te d 0 .0 0 .0 0 .0 0 .0 0 .0 3 .8
85% tr e a te d 0 .0 2.6 15.4 32.1 53.6 70.0u n tre a te d 0 .0 0 .0 0 .0 0 .0 0 .0 0 .0

95-100% t r e a te d 0 .0 1.3 1.3 1.3 1.3 18.9u n tre a te d 0 .0 0 .0 0 .0 0 .0 0 .0 8 .3

1 cockroaches s ta rv e d  fo r  24 h b e fo re  being in tro d u ced  in to
u n tre a te d  h a l f  o f  cho ice  boxes and allow ed a cc ess  to  t r e a te d  h a l f  
im m ediately a f t e r  p lac in g  in  th e  cho ice  boxes.

TABLE 5.7
E ffe c t o f r e l a t iv e  hum idity  on th e  percen tage  o f  male a d u lt  German 
cockroaches1 in  t r e a te d  h a l f  o f  cho ice  boxes h a l f - t r e a t e d  w ith G asil 
HP37 a t  1.15 mg/m2
r e la t iv e  
hum idity (%) 1 2

exposure p e r io d  
4 6

(h)
12 24

58 t r e a te d 3.3 6.1 1.3 0 .6 0 .0 0 .0u n tre a te d 6 .8 6 .2 6 .0 5 .5 33.0 28.5
85 tr e a te d 3.2 1.4 0 .0 2 .5 2.3 14.0

u n tre a te d 7 .0 9 .4 6 .1 1.3 10.4 14.1
95 tre a te d 1.7 0 .7 0 .7 1.4 9 .8 0 .0

u n tre a te d 10.3 11.9 12.1 11.9 7.3 17.7

1 as  Table 5 .6
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w ith  w a te r  p ro v id e d .

\jL.The presence o f  w ater d isp e n se rs  in  ̂ t re a te d  s id e  o f  th e  cho ice  boxes 
had a  s ig n i f ic a n t  e f f e c t  on m o r ta l i ty  o f  th e  cockroaches in  th e  boxes 
(Table 5 .8 ) .  The p ro p o rtio n  o f  l i v e  cockroaches in  th e  u n tre a te d  h a l f  
o f  th e  boxes was s ig n i f i c a n t ly  g r e a te r  than  th a t  in  th e  t r e a te d  h a l f  a t  
a l l  o b serv a tio n  tim es f o r  cockroaches bo th  w ith  and w ithou t w ater 
(Table 5 .9 ) .

5 . 3 . 6  T o x ic ity  o f  p y r e t h r o id /s i l ic a  cca& ijsatiaEas t o  'd ie  Genssan 

cockroach

The su rfa c e  c o n c e n tra tio n  o f  G asil HP25 used in  th e se  experim ents was 
c a lc u la te d  from e a r l i e r  b io assay s  to  be j u s t  below th a t  which would 
produce to x ic i ty  a s  a  r e s u l t  o f d e s ic c a n t a c t io n  under th e se  b io assay  
c o n d itio n s . The c o n tro l  r e s u l t s  (u n tre a te d  s i l i c a )  dem onstrate th a t  
t h i s  r a t e  was ach ieved  in  p r a c t ic e ,  th e  mean c o n tro l  m o r ta l i ty  being  
8.7% a t  th e  c o n c e n tra tio n  used (Table 5 .1 0 ). T alc  a lone  was n o t to x ic  
to  th e  cockroaches a t  any r e a l i s t i c  su rfa c e  c o n c e n tra tio n  under th e se  
c o n d itio n s . The r e s u l t s  from th e  b io assa y s  w ith  pyre  th ro  id s  adsorbed 
on G asil HP25 in d ic a te  th a t  fo rm u la tion  on s i l i c a  produces a  g re a te r  
to x ic  e f f e c t  under th e se  c o n d itio n s  th an  when th e  same amount o f  
p y re th ro id  i s  adsorbed on t a l c  and a p p lie d  a t  th e  same su rfa c e
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T a b le  5 .8

E ffe c t o f  p resence o f  w ater d isp e n se rs  in  t r e a te d  h a l f  o f 
cho ice  boxes on m o r ta l i ty  o f cockroaches (n=4)

Exposure tim e 1 h
Mean m o r ta l i ty  (%) 

2 h 4 h 6 h 12 h 24 h
w ithou t w ater 
d isp e n se rs 2.72 17.72 47.79 68.09 95.81 100.0
w ith  w ater 
d isp e n se rs 0.00 1.25 5.00 7.50 8.75 21.25

TABLE 5 .9
Mean p ro p o rtio n  o f  l i v e  male a d u l t s 1 
cho ice  boxes h a l f - t r e a te d  w ith  G a s il

in  u n tre a te d  chamber o f  
HP37 a t  1.15 mg/m2 (n=4)

exposure tim e 1 h
mean (s 

2 h
. e .)  p ro p o rtio n  

4 h 6 h 12 h 24 h

no w ater 
d isp e n se rs

0.77
(0.11)

0.74
(0.10)

0.53
(0 .11 )

0.75
(0.29) — —

w ith w ater d isp e n se rs
0.81

(0.14)
0.79

(0.19)
0.85

(0 .11)
0.85

(0.07)
0.78

(0.08)
0.91

(0.14)

1 cockroaches s ta rv e d  fo r  24 h b e fo re  being in troduced  
in to  cho ice  boxes and allow ed a ccess  to  t r e a te d  h a l f  o f  
th e  cho ice  boxes.
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TABLE 5 .1 0

Mean number o f  dead cockroaches o u t o f  10 (n=5) a t  24 hours 
fo llow ing  3 min exposure to  fo rm u la tio n s o f  p y re th ro id s  
on G asil HP25 and t a l c  a t  1 g/m2

com bination 0. 1%
c o n c e n tra tio n  (w/w) 

0.05% 0 .01%
d e lta m e th rin  p lu s

t a l c - 8 .0 (1 .9 ) 0 .0 (0 .0)s i l i c a - 10.0 (0 .0 ) 4 .0 (4 .7)
alpham ethrin  p lu s

ta lc - 0 .8 (0 .8 ) 0 .0 (0 .0)s i l i c a - 9 .8 (0 .5 ) 6 .4 (2 .6)
c y f lu th r in  p lu s

t a l c 3.4 (1 .3 ) 0 .6 (0 .9 ) 0 .0 (0 .0)s i 1i ca 10.0 (0 .0) 5 .8 (1 .9 ) 1.6 (2 .3)
cyperm ethrin  p lu s

t a l c 2.6 (2 .3 ) 0 .0 (0 .0 ) 0 .0 (0 .0)s i l i c a 9.2 (1 .3 ) 5 .4 (3 .1 ) 1.4 (2 .2 )
perm ethrin  p lu s

t a l c 0.4 (0 .9 ) 0 .0 (0 .0 ) 0 .0 (0 .0 )s i l i c a 3.2 (2 .3 ) 1.8 (3 .0 ) 1.2 (2 .7)
c o n tro l

t a l c 0.2 (0 .5 ) 0 .0 (0 .0 ) 0 .0 (0.0)
s i l i c a 1.0 (1 .4 ) 1.4 (1 .5 ) 0 .2  i(0 .5)
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c o n c e n t r a t io n .

Two a sp e c ts  o f  th e  r e s u l t s  a re  s ig n i f i c a n t :  d e ltam e th rin  was th e  most 
to x ic  p y re th ro id  under th e se  c o n d itio n s , th e  s i l ic a /d e l ta m e th r in  
producing s ig n i f i c a n t  m o r ta l i ty  a t  th e  low est c o n c e n tra tio n  o f  0.01% 
d e ltam e th rin  on s i l i c a ;  ad so rp tio n  o f  a lpham ethrin  onto  s i l i c a  produced 
th e  g r e a te s t  in c re a se  in  to x ic i ty  o f  th e  p y re th ro id  r e l a t iv e  to  th a t  
when adsorbed on t a l c  (from 8% on t a l c  to  98% on s i l i c a  a t  0.05% 
p y re th ro id  on c a r r i e r  and an a p p lic a tio n  r a t e  o f  1 g/m2 ). In  a l l  
c a se s , fo rm u la tio n  o f  th e  p y re th ro id s  on s i l i c a  produced more e f f e c t iv e  
d e p o s its  th an  th o se  r e s u l t in g  from the same c o n c e n tra tio n  o f  th e  
p y re th ro id  on t a l c  and a p p lie d  a t  th e  same su rfa c e  c o n c e n tra tio n .

5 .4  D is c u s s io n

Cockroaches co n fin ed  on d e p o s its  o f  s i l i c a s  and w ith  on ly  a  few mm o f  
f re e  movement gave homogeneous lo g  (d o s e ) /p ro b it  (response) re g re ss io n  
l in e s .  The LCSO’s  th u s  gave a  good com parative e s tim a te  o f  th e  
i n t r i n s i c  d e s ic c a t in g  p o te n t ia l  o f  th e  d i f f e r e n t  s i l i c a s .  In  g e n e ra l, 
h igh  in s e c t i c id a l  a c t i v i t y  was a s so c ia te d  w ith  h igh  o i l  a d so rp tio n  
c a p a c ity , en e f f e c t  p re v io u s ly  no ted  f o r  s to re d  p rodu ct in s e c ts  w ith  a  
s im ila r  s e r i e s  o f  s i l i c a  p rodu cts ( le  tfa to u re i and Singh, 1984). The 
fumed s i l i c a s  and Wessalon S were n o t a s  to x ic  a s  would have been
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expected  on th e  b a s is  o f  th i s  p h y s ic a l p ro p e rty  however, an e f f e c t  
p o ss ib ly  a s so c ia te d  w ith  t h e i r  low er bu lk  d e n s i ty . The homogeneity o f  
continuous c o n ta c t b io assay  r e s u l t s  to g e th e r  w ith  th e  sm all v a r ia t io n  
in  th e  amount o f  d u s t accum ulating on th e  cockroaches observed in  th e  
p ick -up  s tu d ie s  su g g ests  th a t  much o f  th e  v a r i a b i l i t y  in  m o r ta l i ty  o f  
th e  d isco n tin u o u s c o n ta c t s tu d y  was due to  grooming, s i l i c a  ag g reg ates 
being e i th e r  knocked o f f  o r  in g e s te d . D esiccant s i l i c a s  a re  n o n -to x ic  
to  B .g e rm a n ic a  by in g e s tio n  (E beling e t  a i . ,  1975).

The l e th a l  e f f e c t  o f  a  s i l i c a  a s  a  r e s u l t  o f  a  b r i e f  c o n ta c t w ith  a  
t r e a te d  su rfa c e  i s  presum ably a  fu n c tio n  o f  i t s  i n t r i n s i c  i<h i l l  tv  to  
adsorb  c u t i c u la r  l i p id ,  th e  t o t a l  w eight o f  d u s t p icked  up du rin g  th e  
exposure p e r io d , and th e  e x te n t to  which ag g reg ates on th e  cockroach 
can be subsequen tly  removed by grooming. The r e s u l t s  u s ing  dyed d u s ts  
i l l u s t r a t e  two fe a tu re s  o f  d u s t p ick -u p : accum ulation s i t e s  on th e
in s e c ts  a re  r a p id ly  s a tu ra te d , th e  maximum w eight being  p icked-up 
w ith in  90 s  f o r  th e  l e s s  to x ic  s i l i c a  d u s t and 90 min fo r  th e  more 
to x ic  d u s t; and th e  w eight o f  d u s t p a r t i c le s  p icked-up  d i f f e r s  
s ig n i f i c a n t ly  depending on th e  p h y s ic a l c h a r a c t e r i s t i c s  o f  th e  s i l i c a .  
Lewis and Hughes (1957) dem onstrated  a  ra p id  and r e v e r s ib le  
accum ulation o f  dye p a r t i c le s  by b lo w flie s  w alking on d u sted  s u rfa c e s , 
th e  p rocess being  e s s e n t i a l ly  com plete w ith in  a  few seconds, w hile  r ic e  
w eevils moving through g ra in  d u sted  w ith  a  to x ic  s i l i c a  a e ro g e l 
con tinued  to  accum ulate th e  p a r t i c l e s  fo r  up to  3 h ( le  P a to u re l e t
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a l . ,  1989). The w eight o f s i l i c a  p icked  up by B . g e rm a n ic a  under th e  
t e s t  c o n d itio n s  may be a  fu n c tio n  o f  i t s  bulk  d e n s ity , th e re  being  a  
f ix e d  volume o f  acc im u la tion  s i t e s  on th e  in s e c t  body. This would 
account fo r  th e  g re a te r  p ick -up  o f  G asil HP37 r e l a t iv e  to  S ip e m a t 22 
and Wacker N20, bo th  o f  which sire h ig h ly  d isp e rse d , low bu lk  d e n s i ty  
p ro d u c ts , and a ls o  su g g ests  an ex p lan a tio n  fo r  th e  lower th an  expected  
to x ic i ty  o f  th e  pyrogenic s i l i c a s  and S ip e m a t 22.

Choice boxes co n ta in in g  food and w ater were used by Ebeling e t  a l .  
(1967) in  t h e i r  s tu d ie s  on th e  " re p e lle n t"  e f f e c t s  o f a  number o f  
in s e c t ic id e s  i r c l^ i ln g  Dri - d ie  67, a  p r e c ip i ta te d  s i l i c a  c o n ta in in g  
4.7% w/w ammonium f lu o r o s i l i c a te ,  and S i l i k i l ,  an u n tre a te d  s i l i c a .  The 
t r e a te d  h a l f  o f  t h e i r  box was darkened r e l a t iv e  to  th e  u n tre a te d  s id e  
(which co n ta in ed  food and w a te r ) , p rov id in g  th e  cockroaches w ith  an 
in c e n tiv e  to  sample th e  d u sted  su rfa c e  a s  a  r e s u l t  o f t h e i r  tendency to  
r e t r e a t  in to  a  dark  harbourage . The r e s u l t s  o f  th e se  t e s t s  were s im i la r  
to  th e  p re se n t ones a t  h igh  r e l a t i v e  hum idity  o r  where f re e  w ater was 
p rovided . E beling  e t  a l .  in te rp r e te d  th e  low m o r ta l i ty  under th e se  
circum stances a s  due to  th e  re p e lle n c y  o f  th e  d e p o s its , cockroaches 
re p e a te d ly  p ick in g  up s u b - le th a l  doses and p o s s ib ly  m odifying t h e i r  
behaviour th rough a  le a rn in g  p ro c e ss . However, i t  seems more l i k e ly  
th a t  th e  r e s u l t s  were due to  th e  g r e a t ly  decreased  to x ic i ty  o f  s i l i c a  
d u s ts  when f re e  T-?ater i s  p rov ided  in  th e  cho ice  box.
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The use o f  th e  term  re p e lle n e y  to  e x p la in  tn e  acc im u la tion  o f  
cockroaches in  th e  u n tre a te d  h a l f  o f  th e  cho ice  box seems in a p p ro p ria te  
and g iv es  a  m islead ing  im pression o f  th e  e f f e c t  o f  s i l i c a  d e p o s its  on 
th e  in s e c ts .  An a l te r n a t iv e  in te r p r e ta t io n  o f  th e  accum ulation o f  
cockroaches on th e  u n tre a te d  s id e  o f  th e  cho ice  chamber i s  t h a t  th e  
normal s e t t l i n g  response o f  th e  cockroach fo llow ing  e x p lo ra tio n  o f  
u n fa m ilia r  su rroundings i s  in h ib i te d  on a  d u s t- t r e a te d  su rfa c e . T his 
e f f e c t  may be due to  ad so rp tio n  o f  l i p i d  from touch re c e p to rs  on th e  
t a r s i ,  o r  to  ad so rp tio n  o f  ag g reg a tio n  pheromone by th e  d u s t. A s i l i c a  
d e p o s it m ight th us be d esc rib ed  a s  a  locom otor s t im u la n t, in  th e  term s 
o f  D e th ie r  e t  a l  (I9 60 ), a lthough  th e re  i s  no im p lic a tio n  th a t  i t s  
a c t io n  i s  s im ila r  to  th a t  o f  a  d e p o s it  o f  a  n eu ro ac tiv e  in s e c t ic id e .  
C onversely, s t a s i s  on th e  u n tre a te d  s id e  o f  th e  cho ice  box i s  
re -e n fo rc e d  both  by grooming behaviour fo llow ing  p ick -up  o f  d u s t 
ag g reg ates and by normal co n d itio n in g  o f  th e  su rfa c e  w ith  fae c es  and 
ag g reg a tio n  pheromone.

The e f f e c t  o f  r e l a t iv e  hum idity on th e  le th a l  e f f e c t  o f  th e  s i l i c a  was 
a s  would be expected  g iven  i t s  mode o f  a c t io n . The ra p id  f a l l - o f f  in  
m o r ta l i ty  a t  r e l a t iv e  hum idity above 85% and when f re e  w ater was 
provided  confirm s th a t  unm odified s i l i c a s  have l i t t l e  p o te n t ia l  a s  
c o n tro l ag en ts  where cockroaches p ick -u p  d u s t and harbour in  h igh  
hum idity environm ents o r  have retwiy access to  f re e  w ate r. Some t r i a l  
r e s u l t s  u s in g  such s i l i c a s  ten d  to  confirm  th i s  view (E as tin  and
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Burden, 1960).

The p o te n t ia l  o f  d e s ic c a n t s i l i c a s  a s  c a r r i e r s  fo r  conven tiona l 
in s e c t ic id e s  fo r  cockroach c o n tro l has n o t been e x te n s iv e ly  
in v e s tig a te d . D ri-D ie 67 was i n i t i a l l y  chosen f o r  conm ercial 
development from th e  sc reen in g  program i n i t i a t e d  by E beling  (1959) to  
id e n t i f y  a c t iv e  d e s ic c a n t d u s ts  on th e  b a s is  o f  i t s  enhanced knock-down 
and k i l l  c h a r a c t e r i s t i c s  over o th e r  p ro d u c ts , and th e  p o s s ib i l i t y  th a t  
th i s  was due a s  much to  th e  presence o f  up to  4.7% ammonium 
f lu o r o s i l i c a te  adsorbed onto th e  p rodu ct a s  to  th e  to x ic i ty  o f  th e  
s i l i c a  appears to  have been considered  on ly  a f t e r  th e  i li -j .

1971). Ammonium h e x a f lu o r o s i l ic a te , l i k e  o th e r  complex f lu o r id e  s a l t s ,  
has a  h igh to x ic i ty  to  in s e c ts  a s  a  stomach p o ison . From r e s u l t s  
ob ta ined  in  th e  p re se n t work, i t  would appear t h a t  much, i f  n o t a l l ,  o f 
th e  to x ic i ty  o f  th e  D ri-D ie fo rm u la tion  a t  h igh h u m id ities  o r  where 
cockroaches have access to  f r e e  w ater must d e r iv e  from th e  ammonium 
f lu o r o s i l i c a te  component r a th e r  than  th e  d e s ic c a n t a c t io n  o f  th e  
s i l i c a .

T a rsh is  (1962, 1963) s tu d ie d  th e  use o f  D ri-D ie  67/dibrom  com binations 
fo r  use a s  anim al e c to p a r a s i t ic id e s , th e  organophosphorus component 
being added to  improve th e  speed o f  i n i t i a l  knockdown and detachm ent. 
The fo rm u la tio n s were re p o rte d  to  be su c c e s s fu l in  t h i s  r e s p e c t ,  bu t do 
no t appear to  have been developed com m ercially . The most su c c e s s fu l
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development in  th e  a re a  o f s i l ic a /o r g a n ic  in s e c t ic id e  com binations 
re s u l te d  from a  fo rm u lation  o f  D ri-D ie 67 w ith  sy n erg ised  n a tu ra l  
pyre thrum. A fo rm u la tion  co n ta in in g  1.0% w/w p y re th r in s , 10.0% w/w 
p iperon y l b u tox ide , 40.0% amorphous s i l i c a  g e l and 49% w/w petro leum  
d i s t i l l a t e  c a l le d  D rione has been w idely  m arketed in  th e  U .S ., and more 
re c e n tly  in  th e  U.K. f o r  cockroach c o n tro l by c ra c k -a n d -c rev ice  
trea tm en t (a e ro so l pack) and d u s tin g . The s ta tu s  o f  amnoniLm 
f lu o r o s i l i c a te  in  t h i s  fo rm ulation  i s  u n c le a r; th e  o r ig in a l  p roduct was 
based on D ri-D ie  67, which c o n ta in s  4.7% w/w o f  th e  chem ical (E beling , 
1971), b u t an enqu iry  to  th e  c u r re n t  m anufacturer o f  th e  p rodu ct in  th e
U.K. rev ea le d  th a t  aimsonium f lu o r o s i l i c a te  was no lo n g er in cluded  in  
th e  fo rm u lation  (G.Dodd, Wellcome L td .,  p e rso n a l communication to  G .le  
P a to u re l) . The knock-down and l e th a l  c h a r a c t e r i s t i c s  o f  Drione a s  
o r ig in a l ly  fo rm ulated  to  B .g e rm a n ic a  have been re p o rte d  by T a rsh is  
(1967) and E beling  (1971) and were regarded  as  o u ts tan d in g  a t  th e  tim e.

The use o f  a  p y re th ro id  a d d it iv e  to  s i l i c a  appeared a  prom ising l i n e  o f 
in v e s tig a t io n , and th e  r e s u l t s  re p o rte d  in  th i s  work in d ic a te  a  
s u b s ta n t ia l  enhancement o f  th e  b io lo g ic a l  a c t i v i t y  o f  a  number o f  
p y re th ro id s  when fo rm ulated  on a  d e s ic c a n t s i l i c a  over th a t  o b ta in ed  
when form ulated  on th e  n o n -to x ic  t a l c  c a r r i e r .  The reason  fo r  t h i s  
e f f e c t  i s  u n c le a r . Le P a to u re l and Singh (1984) and Shawir e t  a 1. 
(1988) re p o rte d  th a t  th e  to x ic i ty  o f  p y r e th r o id /s i l i c a  o r  
o rg a n o p h o sp h a te /s ilic a  com binations gave g re a te r  th an  a d d it iv e  to x ic
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a c tio n  to  th e  r ic e  w eevil S ito p h ilu s  o ry z a e  and th e  g ra in  b e e t le  
T r ib o liu m  castan eu m  when admixed w ith  g ra in  and suggested  enhanced 
p ick -up  an d /o r p e n e tra t io n  o f  p y re th ro id s  through de-waxed c u t i c le  a s  
p o s s ib le  reason s fo r  th e  to x ic i ty  enhancement. A number o f  p y re th ro id s  
a re  c u r re n t ly  being  developed fo r  cockroach c o n tro l work (Fuchs, 1989), 
and i t  would appear from th e  p re se n t s tu d y  th a t  s i l ic a -b a s e d  d u s t 
fo rm u la tion s m ight be worthy o f  in v e s tig a t io n  a s  a  tre a tm e n t fo r  
u n d is tu rb ed  a r e a s .
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SUM M ARY

1. A c u l tu re  method f o r  B . g e rm a n ic a  i s  d e sc rib ed  in  which in s e c ts  
were re a re d  in  co h o rts  ha tch in g  in  th e  same week a t  28 f  2° C.

2. P ro d u c tiv ity  o f fem ales from th e  c u l tu re  was examined e i th e r  when 
caged w ith  m ales th roughout rep ro d u c tiv e  l i f e  o r  when se p a ra te d  from 
males a f t e r  f i r s t  m ating. Females se p a ra te d  from males produced fewer 
oothecae on average, b u t th e  number o f  egg c e l l s  and hatch  was n o t 
s ig n i f i c a n t ly  d i f f e r e n t ,  and n e i th e r  was fem ale lo n g e v ity .

3. The e f f e c t  o f  p o p u la tio n  d e n s i ty  on th e  r a t e  o f  development o f
nymphal s ta g e s  and a d u lt  rec ru itm e n t was s tu d ie d : d e n s i ty  d id  n o t
a f f e c t  development r a te ;  d en sity -dependen t m o r ta l i ty  appeared to  be 
la rg e ly  due to  cann ibalism  du rin g  o r  im n ed ia te ly  a f t e r  m oulting ; and 
th e re  was a  l in e a r  dependence o f f i n a l  a d u lt  d e n s i ty  on i n i t i a l  
nymphal d e n s ity  over th e  range in v e s t ig a te d . P resence o f  a d u lts  had 
l i t t l e  e f f e c t  on r a te  o f  a d u lt  re c ru itm e n t from th e  nymphal s ta g e s . 
D aily  carbon d io x id e  a n a e s th e t is a t io n  s ig n i f i c a n t ly  reduced 
development tim es fo r  nymphal s ta g e s .

4. The e f f e c t  o f  a  dewiestic f lu o re s c e n t l i g h t  source  on th e  r e s t in g  
behaviour o f  B . g e rm a n ic a  was examined u sing  a  2 chamber 
(shaded/unshaded) perspex a ren a . Cockroaches were a n a e s th e tis e d ,
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t r a n s f e r r e d  to  one chamber o f  th e  a ren a , allow ed to  recover fo r  10 
m inutes, a llow ed a cc ess  to  th e  a l te r n a t iv e  chamber, and t h e i r  
d i s t r ib u t io n  reco rd ed  a f t e r  30 min. B ioassay c o n d itio n s  (ab so lu te  
l i g h t  in te n s i ty ,  l i g h t  in te n s i ty  d if fe re n c e  between chambers, p e rio d  
o f  il lu m in a tio n  p r io r  to  being g iven access to  shaded chamber, change 
o f pho tocycle  p r io r  to  b io assay , e x te n t o f  a n a e s th e t is a t io n  w ith  
carbon d io x id e , and d iv is io n  o f  cockroaches in to  "d a rk -p re fe rrin g "  and 
" l ig h t- p r e f e r r in g "  groups) had l i t t l e  e f f e c t  on th e  p ro p o rtio n  o f  
cockroaches p re fe r r in g  to  r e s t  in  th e  shaded a ren a , and a lthough  th e  
cockroaches showed a  s ig n i f i c a n t  p re fe ren c e  fo r  th e  shaded a ren a  over 
a number o f  t r i a l s ,  th e  e f f e c t  was n o t always ev id en t In in d iv id u a l 
r e p l ic a te s .  The lig h t-a v o id a n c e  re a c tio n  o b ta in ed  in  th e se  t r i a l s  was 
n o t as  g re a t  a s  has been re p o rted  in  th e  l i t e r a t u r e  fo r  B . g e rm a n ic a .

5. The two chamber a ren a  was used to  in v e s t ig a te  th e  r e s t in g  
behaviour o f  B . g e rm a n ic a  during  and a f t e r  exposure to  s u b - le th a l  
d e p o s its  o f  perm eth rin  WP in  e i th e r  th e  shaded o r  illu m in a te d  chamber. 
Cockroaches g iven  access  to  th e  t r e a te d  shaded chamber fo llow ing  
recovery  in  th e  u n tre a te d  and subsequen tly  il lu m in a te d  chamber showed 
a  p re fe ren c e  fo r  th e  illu m in a te d  chamber, w hile  th e  hy p o th esis  o f  a  
1:1 d i s t r ib u t io n  was n o t r e je c te d  fo r  cockroaches which recovered  in  
t r e a te d  and subsequen tly  illu m in a te d  chamber and were th en  g iven  
access to  th e  u n tre a te d  shaded chamber.
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6. The experim ents were rep ea ted  w ith  cockroaches p re-exposed  to  
perm ethrin  WP d e p o s its  a t  doses rang ing  from an LC5 to  an LC75 (30 min 
exposure, 24 h m o r ta l i ty ) .  Cockroaches which recovered  in  th e  
su bsequen tly  illu m in a te d  chamber showed a  tendency to  rem ain in  th e  
illu m in a te d  chamber which in crea sed  w ith  p en n e th rin  d e p o s it  
c o n c e n tra t io n .

7. A l in e a r  th re e  chamber a rena  ( illu m in a te d  escape; illu m in a te d  and 
t r e a te d  recovery ; shaded and u n tre a te d  escape) was a ls o  used to  t e s t  
th e  lig h t-a v o id an ce  behaviour o f B . g e rm a n ic a  fo llow ing  exposure to  
peyw^rhrin WP d e p o s its .  The r e s u l t s  showed no c le a r  tre n d  tow ards a  
g re a te r  o r a  l e s s e r  l i g h t  avoidance re a c tio n  w ith  in c re a s in g  
p enne th rin  c o n c e n tra tio n , th e re  being  evidence f o r  a  r e v e r s a l  o f  th e  
normal photophobic response  a t  some c o n c e n tra tio n s  b u t n o t a t  o th e rs . 
F u rth e r work in  t h i s  a re a  re q u ire s  th e  normal l i g h t  avoidance 
behaviour observed in  f i e l d  in f e s ta t io n s  to  be more c lo s e ly  s im ulated  
w ith in  a  b io assay  a re n a . D isturbance o f  th e  cockroaches and carbon 
d io x id e  a n a e s th e t is a t io n  may p o ss ib ly  reduce th e  response .

8. A dult fem ales c a rry in g  oothecae were confined  in  po ly thene  cages 
w ith  b a i t  fo rm u lation s o f  b o r ic  a c id  (1:1 w/w b o r ic  a c id  : powdered 
dog chow p e l l e t s )  o r  a  1.65% w/w fo rm ulation  o f  hydram ethylnon (both 
in  Maxforce" b a i t  s ta t io n s )  a t  90% r . h .  and e i th e r  20° o r  28° C u n t i l  
a l l  had been k i l l e d .  M o rta lity , ap p aren t v i a b i l i t y  o f  oo th ec ae , and
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oothecal hatch were monitored at 24 h intervals thereafter until all

oothecae had e i th e r  hatched  o r appeared n o n -v ia b le .

9. Females poisoned w ith  hydram ethylnon re ta in e d  t h e i r  oothecae a t  
d e a th , w hile  a  c o n sid e ra b le  p ro p o rtio n  o f  th o se  k i l l e d  by b o r ic  a c id  
d e p o s ite d  t h e i r  oothecae p rem atu re ly . Oothecae from fem ales taken  
from th e  c u l tu re  both  7-14 and 14-21 days from a d u lt  emergence and 
poisoned w ith  hydramethylnon showed reduced ha tch  r e l a t iv e  to  c o n tro ls  
a t  20°Cbut n o t a t  28° C, w hile  oothecae from both  groups o f fem ales 
poisoned w ith  b o r ic  a c id  a t  both  tem pera tu res showed reduced h a tch  
r e l a t iv e  to  c o n tro ls ,  and the proper* o f  th o se  which d id  h a tch  was 
h ig h e r in  th e  group re ta in e d  by th e  fem ale a t  death  than  in  th e  group 
p rem ature ly  d e p o s ite d . The r e s u l t s  taken  to g e th e r  w ith  th o se  from 
experim ents examining th e  % hatch  o f  oothecae e i th e r  m anually removed 
from fem ales o r  allow ed to  rem ain in  th e  g e n i ta l  pouch o f  th e  fem ales 
u n t i l  ha tch  suggested  th a t  fo r  n e i th e r  compound was t r a n s f e r  o f 
to x ic a n t from fem ale to  oothecae an im portan t f a c to r  in  c o n tro l l in g  
o o th eca l h a tch  fo llow ing  th e  demise o f  th e  p a re n t.

10. Adult m ales were exposed to  d e p o s its  o f  amorphous s i l i c a s  in  
continuous and d isco n tin u o u s c o n ta c t b io assa y s . Homogeneous b io assay  
r e s u l t s  were g e n e ra lly  o b ta in ed  in  th e  continuous c o n ta c t b io assay s  
and th e  LC50*s o f  s i l i c a s  g e n e ra lly  in c rea se d  w ith  o i l  a d so rp tio n  
c a p a c ity  o f  th e  d u s ts  a s  measured by th e  a b i l i t y  to  adsorb  R is e l l a  17
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o i l .  D iscontinuous c o n ta c t b io assay s (1 .5  -  60 min) showed g re a te r  
v a r i a b i l i t y ,  a p p a re n tly  due to  th e  a b i l i t y  o f cockroaches to  remove 
th e  d e p o s it  from th e i r  body and appendages by grooming and in g e s tio n . 
P ick -up  o f  3 o f  th e  d u s ts  by cockroaches in  sm all a ren as over a  3 h 
p e r io d  was a ls o  r e la te d  to  th e i r  r e l a t iv e  t o x i c i t i e s .

11. The to x ic i ty  o f  s i l i c a  d u s ts  in  h a l f - t r e a te d  cho ice  boxes under 
red  l i g h t  v a r ie d  w ith  r e l a t iv e  hum idity  and was e f f e c t iv e ly  e lim in a te d  
a t  95% r .h .  o r  when f re e  w ater was prov ided  in  th e  a re n a s . Cockroaches 
tended to  accum ulate in  th e  u n tre a te d  s id e  o f th e  cho ice  box w ith in  1 
h o f  being  in tro d u ced  in to  th e  a re n a .

12. The r e l a t iv e  to x ic i ty  (24 h) o f  a  number o f  p y re th ro id  
in s e c t ic id e s  to  a d u lt  male cockroaches was determ ined when th e  
compounds were form ulated  e i th e r  on one o f  th e  to x ic  (d e s ic ca n t)  
s i l i c a s  o r  on t a l c ,  using  a  d isco n tin u o u s c o n ta c t b io assa y  w ith  3 min 
exposure. The s i l ic a -b a s e d  fo rm u la tion s were a p p rec ia b ly  more to x ic  
than  th e  ta lc -b a s e d  ones a t  a  d u s t c o n c e n tra tio n  o f  1 g/m2 . The 
s u i t a b i l i t y  o f  s i l ic a -b a s e d  d u s ts  f o r  cockroach c o n tro l i s  d isc u sse d .
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APPENDIX 2.1

Hatch o f  oothecae produced by fem ales caged w ith males th roughout th e i r  
l i f e  tim e
ootheca tim e to  h a tch 1 eggs/oo theca  nymphs/ootheca

1 s t 28 27 29 27 29 30 52 48 44 50 46 40 52 48 44 49 40 40
2nd 24 25 23 23 23 29 44 46 46 44 44 36 44 45 44 41 44 35
3rd 24 26 27 25 25 24 45 46 42 40 40 35 45 45 42 40 37 35
4th 29 29 27 27 28 28 40 38 34 40 39 30 38 37 32 40 39 30
5th 30 34 28 29 28 30 28 32 40 36 29 27 31 36 34

1 number o f  days from a d u lt  emergence o r  from hatch  o f  p rev ious
oothecae to  day on which th e  oothecae hatched .

APPENDIX 2 .2
Hatch o f oothecae produced by fem ales caged w ith m ales u n t i l  f i r s t  
ootheca v i s ib l e
ootheca tim e to  hatch  eggs/oo theca  nym phs/ootheca

1st 28 26 26 27 30 27 52 48 44 44 46 42 48 48 42 43 43 37
2nd 25 25 25 25 29 24 50 42 38 38 42 44 48 40 36 37 42 44
3rd 23 23 24 24 26 25 48 44 34 36 38 36 43 37 34 34 37 34
4th 27 27 30 30 32 27 34 40 34 24 30 34 30 37 31 21 28 16
5th 30 35 41 28 28 28 26 27 28
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S iz e  o f  o o th e c a e  p ro d u ced  b y  fe m a le s  cag ed  w ith  m a les  e i t h e r  u n t i l  f i r s t  
o o th e c a  v is ib le  o r  th ro u g h o u t l i f e  tim e

APPENDIX 2 . 3

o o th e c a  le n g th  (w id th ) (nm )
oo th e c a e  fro m  fe m a le s  cag ed  w ith  oo th e c a e  fro m  fe m a le s  cag ed
m ales  u n t i l  f i r s t  o o th e c a  v is ib le  w ith  m a le s  th ro u g h o u t l i f e

1 s t 8 .0 ( 2 . 0 ) 8 . 0 ( 2 . 0 ) 7 . 5 ( 2 . 5 ) 9 . 0 ( 2 . 0 ) 7 . 5 ( 2 . 5 ) 8 . 0 ( 2 . 5 )
7 . 5 ( 2 . 5 ) 8 . 0 ( 2 . 0 ) 7 . 0 ( 2 . 0 ) 8 . 0 ( 2 . 5 ) 7 . 0 ( 2 . 0 ) 7 . 0 ( 2 . 5 )

2nd 7 . 5 ( 2 . 5 ) 7 . 0 ( 2 . 5 ) 6 . 5 ( 2 . 0 ) 8 . 0 ( 2 . 0 ) 7 . 0 ( 2 . 0 ) 7 . 5 ( 2 . 5 )
7 . 0 ( 2 . 0 ) 6 . 5 ( 2 . 0 ) 7 . 0 ( 2 . 0 ) 7 . 0 ( 2 . 5 ) 7 . 0 ( 2 . 0 ) 7 . 0 ( 2 . 0 )

3 r d 8 . 0 ( 3 . 0 ) 7 . 5 ( 2 . 0 ) 6 . 5 ( 2 . 5 ) 7 . 8 ( 5 . 0 ) 7 . 5 ( 2 . 5 ) 8 . 0 ( 2 . 5 )
6 . 0 ( 2 . 0 ) 6 . 5 ( 2 . 5 ) 7 . 0 ( 2 . 0 ) 7 . 5 ( 2 . 5 ) 6 . 5 ( 2 . 5 ) 6 . 5 ( 2 . 5 )

4 t h 7 . 0 ( 2 . 5 ) 7 . 0 ( 2 . 0 ) 6 . 0 ( 2 . 0 ) 7 . 0 ( 2 . 0 ) 6 . 5 ( 2 . 5 ) 7 . 0 ( 2 . 0 )
5 . 0 ( 2 . 0 ) 5 . 0 ( 2 . 5 ) 7 . 0 ( 2 . 0 ) 7 . 5 ( 2 . 5 ) 7 . 0 ( 2 . 0 ) 5 . 0 ( 2 . 0 )

5 t h 6 . 0 ( 2 . 0 ) 5 . 0 ( 2 . 0 ) 5 . 0 ( 2 . 0 ) 6 . 0 ( 2 . 0 ) 5 . 0 ( 2 . 0 ) 6 . 0 ( 2 . 0 )
6 . 5 ( 2 . 5 ) 6 . 0 ( 2 . 0 )

1 7 8



APPENDIX 2.4

Time to  m oult (days) from hatch  o f  oo theca  in  synchronous p o p u la tio n s  
o f d i f f e r e n t  d e n s i t ie s
i n i t i a l
d e n s ity 1 1 s t 2nd 3rd

m oult
4th 5 th 6 th

10 7 8 13 13 18 17 26 25 33 31 38 36
8 6 12 13 17 16 27 27 34 35 37 417 14 17 27 35 43

20 7 7 12 12 17 17 24 25 31 31 38 437 7 12 13 17 17 23 23 30 31 43 437 13 17 24 31 39
35 6 7 13 12 18 19 25 25 32 32 40 42

7 7 12 12 18 18 25 24 31 31 43 387 13 17 23 31 38
50 6 7 13 11 18 16 23 21 30 28 40 39

7 7 12 12 18 18 23 24 29 31 40 41
7 11 18 23 30 42

1 number o f  cockroaches kep t in  j a r  (360 can2 ) w ith  food
and w ater th roughou t development p e r io d  (no carbon d io x id e  u s e d ) .
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APPENDIX 2.5

Mean (s.e.) nuiber of nyiphs of B. geraanica as a function of initial nuiber of 
first stage nyiphs at ten day intervals during nyiphal developient (n = 5)

lean (range) nuiber of nyiphs surviving 
days population

following __________________________________________
egg hatch

1 2 3 4 5 6 7

0 11.8(1.1) 20.8(1.8) 34.4(0.9) 50.4(2.9) 39.0(1.4) 170.5(17.7} 331.5(30.4)
10 11.8(1.1) 19.8(2.6) 30.8(2.7! 49.0(4.4) 36.5(2.1} 152.0(8.5) 255.0(14.1)
20 11.0(1.0) 19.2(2.7} 29.4(3.1) 48.0(4.7) 36.0(4.2) 147.0(1.4) 241.0(29.7)
30 10.0(1.2) 18.8(2.1) 29.2(3.4) 43.0(6.7) 32.5(5.0) 138.0(1.0) 205.5(77.1)
10 10.0(1.2) 18.6(2.3) 28.2(2.6) 39.4(4.9) 31.5(3.5} i 16.5 (3.51 124.0(2.81
50 10.0(1.2) 18.4(2.0) 27.4(2.7) 38.0(5.4) 30.0(2.8} 104.0(2.8) 121.0(5.7)
60 10.0(1.2) 18.4(2.0) 27.4(2.7) 36.6(5.0} 29.0(1.4) 101.5(0.7) 108.0(7.1)

1 8 0



APPENDIX 2.6

Umber of nyiphs of B .geraan ica as a function of initial nuiber of first stage nyiphs 
at ten day intervals during nyiphal development

days nuiber of nyiphs surviving
following population
egg ___________________________________
hatch 1 2 3 4 5 6 7

0 13 12 11 24 20 20 33 35 34 50 55 47 38 40 158 183 310 353
12 10 20 20 35 35 50 50

10 13 12 11 24 19 17 29 31 28 50 55 43 38 35 158 146 265 245
12 10 20 19 35 31 50 47

20 12 10 11 24 19 17 27 30 26 50 54 41 33 39 148 146 262 220
12 10 17 19 34 30 48 47

30 iO 9 n 19 17 26 30 26 33 50 40 29 36 131 145 260 151
12 10 17 19 34 30 45 47

10 9 10 9 22 19 16 25 30 26 32 44 37 29 34 119 114 126 122
12 10 17 19 31 29 42 42

50 9 10 9 21 19 16 25 30 24 32 44 33 28 32 106 102 125 117
12 10 17 19 29 29 39 42

50 9 10 9 21 19 16 25 30 24 32 42 33 28 30 101 102 103 113
12 10 17 19 29 29 34 42
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APPENDIX 2.7
Mean (s. e., n = 4) number of nymphs surviving when caged with adult 
populations
days from mean number surviving (s.e.) of nymphs
hatching N NM NF NFM

0 34.3 (1.0) 39.5 (4.0) 37.8 (2.5) 39 .0 (3.5)

10 30.8 (3.1) 36.8 (4.9) 32.8 (2.9) 37 .3 (5.1)
20 29.3 (3.6) 34.3 (3.9) 32.0 (2.2) 36 .0 (5.7)

30 29.0 (3.8) 32.3 (2.2) 31.3 (1.7) 33 .8 (5.4)

40 28.0 (2.9) 32.3 (2.2) 30.3 (2.1) 33 .3 (6.4)

50 27.C »;2.9) 32.3 (2.2) 29.0 (2.2) 32 .8 (6.0)

60 27.0 (2.9) 32.3 (2.2) 28.8 (2.2) 31 .8 (5.7)
N nymphs alone
NM nymphs with 10 male adults
NF nymphs with 10 female adults
NFM nymphs with 5 male and 5 female adults
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APPENDIX 2.8
Number of nymphs surviving when caged with adult populations
days from mean number surviving (s.e.) of nymphs
hatching N NM NF NFM

0 33 35 34 35 43 39 34 42 38 41 37 35 40 34 40 42

10 29 31 28 35 39 35 31 42 35 35 29 32 39 30 38 42

20 27 30 26 34 38 34 29 36 34 33 29 32 39 28 36 41

30 26 30 26 34 33 33 29 34 31 33 29 32 38 26 34 37

40 25 30 26 31 33 33 29 34 31 32 28 30 38 24 34 37

50 25 30 24 29 33 33 29 34 ’> 1 29 36 O A •j/i 27

60 25 30 24 29 33 33 29 34 30 31 26 28 36 24 31 36
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APPENDIX 2.9
Effect of carbon dioxide anaesethetisation on nyraphal maturation 
period
adult emergence treatment days adult emergence noted

replication mean (s.e .)

1st adult with CO2 56 60 54 55 50 55.0 (3.6)
without CO2 36 36 37 35 37 36.2 (0.8)

all adult with OO2 67 68 66 63 67 66.2 (1.9)
without CO2 47 45 48 46 47 46.6 (1.1)

APPENDIX 2.10
Development of "undisturbed"1 nymphal population of B ,  g e r m a n i c a .

days after number of cockroaches
egg hatch

replication 1 replication 2 replication 3

nymphs adults nymphs adult nymphs adults
0 38 0 35 0 40 0
35 30 0 31 0 34 2
36 27 3 31 0 33 3
37 27 3 29 2 31 5
38 26 4 29 2 23 13
39 15 15 28 3 18 16
40 12 18 25 6 L7 L I

41 7 23 22 9 16 18
42 5 25 17 14 14 20
43 3 27 15 16 11 23
44 1 29 13 18 7 27
45 0 30 10 21 2 32
46 7 24 0 34
47 5 26
48 0 31
1 nymphal populations allowed to develop with no anaesthe- 

tisations with carbon dioxide.
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APPENDIX 3.1
Number of cockroaches in shaded chamber at 30 min following 10 min 
recovery period in the dark or light
distance arena perpendicular to source
from ____________________________________
source cockroaches in cockroaches in 
(cm) illuminated arena unilluminated arena 

during recovery during recovery

arena parallel to 
sourec, cockroaches 

in unilluminated 
arena during recovery

10 4 4 3 3 7 3 7 6 4 5 4 4 3 6 5 7 6 8 5 6 6 6 7 7
15 4 3 5 7 4 5 6 5 4 6 6 4 5 3 4 5 6 6 7 6 5 7 6 5
20 5 4 6 5 4 3 5 4 3 4 6 2 3 4 6 6 7 4 6 4 5 P> 7 7
25 5 4 4 5 5 7 6 3 4 2 5 3 3 6 4 4 6 6 6 5 5 6 5 5
30 5 4 5 5 3 8 8 5 3 4 4 5 2 2 3 4 7 5 7 4 7 6 6 8

APPENDIX 3.2

Analysis of variance of data from the experiment of effect of 
orientation and distance of the boxes from the light source on 
the proportion of cockroach in the shaded chamber of the two 
choice boxes (RCB design with equal number of replications in 
each treatment)

source of 
variance

degrees 
of freedom

sum of 
squares

mean
square

P

replication 7 736.48 105.21 n.s.
treatment 14 2962.67 211.62 t t

orientation (A ) 2 2312.97 1156.48 t t

distance (B) 4 154.17 38.54 n.s.
A x B 8 495.54 61.94 n.s.

error 98 4989.06 50.91
Total 120 8688.21

c . v .= 1.4%
n . s . p > 0 . 0 5 ;  i  0 .0 1  < p < 0 . 0 5 ;  * *  p  < 0 . 0 1 .
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APPENDIX 3.3
Distribution of 10 cockroaches in arena orientated 
parallel at 10 cm from light source (cockroaches 
recovered from anaesthetisation in the dark)
exposure time number of cockroaches in shaded chamber 

(min) replication mean s.e.
5 7 7 6 6 7 6.6 0.6
10 8 6 5 5 7 6.2 1.3
15 5 6 7 7 8 6.6 1.1
20 7 9 8 9 6 7.8 1.3
25 8 7 8 6 9 7.6 1.1
30 7 5 7 5 8 6.4 1.3
60 7 6 6 5 5 5.8 0.8

APPENDIX 3.4
Effect of long-term exposure to light or dark on distribution of 
10 cockroaches in i 1 luminated/shaded arena

test time from number (s.e.) of cockroaches in shaded chamber 
beginning of
photophase (h) 12:12 (L:D) 12:0 (L:D) 0:12 (L:D)

0.5 6 5 7 6 8 8 8 6 9 9 9 9 8 10 9
1.5 5 5 7 5 6 9 9 9 9 8 7 6 8 8 6
4.5 7 4 7 4 5 8 6 8 9 8 8 7 9 8 8
6.5 5 6 7 5 6 6 7 8 7 9 7 7 7 8 8
9.5 6 5 6 4 4 9 7 9 8 8 9 9 7 6 9
11.5 7 5 6 6 4 9 8 8 5 9 8 5 6 7 7
12.5 8 6 7 5 6 9 9 8 9 9 8 7 6 7 8
13.5 8 9 6 5 6 7 8 8 9 7 7 7 9 7 9
15.5 5 6 7 8 8 9 8 9 8 8 7 8 8 8 9
18.5 6 9 6 9 7 8 7 8 9 9 9 7 7 9 8
21.5 7 7 9 6 9 8 7 9 8 7 8 8 8 9 8
23.5 7 5 7 4 8 7 o 8 7 8 8 9 7 8 8
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APPENDIX 3.5
Effect of CO2 anaesthetisation on distribution of cockroaches 
in illuminated/shaded choice box.
number of CO2 number of cockroaches in shaded chamber
anaesthetisation replications mean s.e.

0 8 9 8 8 9 8.4 0.6
1 7 6 7 7 9 7.2 1.1
2 6 6 8 8 6 6.8 1.1
3 6 5 7 7 9 6.8 1.5
4 7 5 7 5 7 6.2 1.1
5 7 6 7 7 9 7.2 1.1

APPENDIX 3.6
Effect of separation of cockroaches into two populations 
{ " ' i ght.-prefering" and "dark-prefering” ) on subsequent 
distribution in i 1 luminated/shaded arena

treatment number in shaded chamber 
replication

Initial experiment 
(unsorted cockoaches)

7/81
8/9
10/10

7/10
5/11
9/10

9/10
9/12
8/10

9/10
9/10
10/10

9/10
12/12
9/10

second trial 
(insects seeking 
dark chamber)

10/10
9/10

7/10
8/10

7/10
9/10

10/10
10/10

10/10
10/10

second trial 
(insects seeking 10/10 9/10 5/10
light chamber)
1 number of cockroaches in shaded chamber/total 

number of cockroaches in the arena.

187



APPENDIX 3.7
Toxicity of permethrin 25% WP to cockroaches 
(two week old male adult; 30 min exposure on filter 
paper; 24 h mortality)
dose 
(mg/m2 )

number
tested

responsed
number

expected
number

chi-
square

24 h mortality
2.3 50 3 2.7 0.04
3.9 50 17 17.7 0.04
4.7 50 24 25.3 0.14
5.4 50 33 32.1 0.07
6.4 50 40 39.0 0.12
9.3 50 47 47.4 0.05
21.9 50 50 50.0 0.01

30 min knockdcwr.
2.3 50 0 7.7 9.14
3.9 50 13 10.2 0.98
4.7 50 14 11.0 1.02
5.4 50 14 11.8 0.51
6.4 50 17 12.8 1.83
9.3 50 18 15.0 0.87
21.9 50 12 20.7 6.17
30.4 50 20 22.9 0.69
41.3 50 29 25.1 1.22
51.2 50 27 26.6 0.01
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APPENDIX 3.8
Knockdown (30 min) and mortality (24 h) of the cockroaches exposed to 
25% WP permethrin deposits for 30 min on treated filter paper

dose number1 mean (s.e) number mean (s.e.)
(mg/m2) knockdown killed
2.3 0 0 0 0 0 0 .0 (0.0) 0 3 0 0 0 0 .6 (1.3)
3.9 5 4 3 1 0 2.6 (2.1) 4 1 4 5 3 3.4 (1.5)
4.7 3 2 4 2 3 2.8 (0.8) 1 6 5 6 6 4.8 (2.2)
5.4 2 2 5 3 2 2.8 (1.3) 6 6 6 8 7 6 .6 (0.9)
6.4 4 4 3 4 2 3.4 (0.9) 9 8 9 8 6 8 .0 (1.2)
9.3 4 3 4 4 3 3.6 (0.6) 10 10 10 8 9 9.4 (0.9)

21.9 1 2 2 4 3 2.4 (1.1) 10 10 10 10 10 10.0 (0.0)
30.4 5 3 6 2 4 4.0 (1.6) - - - - - - -
41.3 5 7 7 2 8 5.8 (2.4) - - - - - - -
51.2 5 3 7 6 6 5.4 (1.5) - - - - - - -

1 out of 10

APPENDIX 3.9
Number (of 10) cockroaches in the illuminated chamber of half-treated 
choice arena following 10 min dark habituation in shaded chamber

number of cockroaches 
treatment observation block (two replicates)
of arena time (h) 1 2 3 4

illuminated half treated 0.5
shaded hal f untreated 1

24
illuminated half untreated 0.5
shaded half treated 1

24
both halves untreated 0.5

1
24

5 0 3 6 2 8 9 0
5 9 4 8 1 6 9 9
7 9 5 8 2 3 8 8
1 1 1 0 0 0 2 4
1 2 0 0 2 0 2 6
0 1 3 0 1 2 0 0
1 7 8 1 1 8 8 7
o 0 9 3 9 8 6 0

10 9 9 9 2 7 6 1
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APPEND 3.10

Analysis of variance of effect of surface treatment of one
half of arenas on the 
times

distribution of cockroaches at various

source of 
variance

degrees 
of freedom

sum of 
squares

mean
square

P1

replication 7 3201.89 457.41 n.s.
treatment 8 19992.10 2499.01 **

surf. treatment (A ) 2 17408.33 8704.17 **
observ. time (B) 2 989.11 494.56 n.s.
A x B 4 1594.66 398.67 n.s.

error 56 25146.81 449.05
total 72 48340.80

o . v . = 56.9%
n . s . P > 0.05; * 0.01 < p < 0.05; ** p < 0.01

APPENDIX 3.11
The distribution of cockroaches following treatment with deposits 
of 25% WP permethrin in the i1luminated/shaded arena
dose 
(mg/m2 ) 0 h

number1
24

in
h

shaded chamber
48 h

0.0 6 5 6 8 8 5 8 7 6 7 5 6 6 8 8
1.0 8 8 9 9 8 10 9 9 10 10 9 10 10 10 9
2.0 8 10 6 7 9 9 10 10 10 9 9 10 10 10 9
3.4 6 4 7 4 7 10 9 7 9 9 10 9 10 10 10
5.4 4 4 3 3 6 6 10 62 - - 10 10 102 - -
6.4 1 2 0 1 4
1 out of 10
2 only survivors
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APPENDIX 3.12
Distribution of cockroaches in the three-chambered choice arena at 
30 min observation period after 10 min exposure to the deposits of 
25% WP permethrin on the base of central chamber at varies concen­
trations before given access to escape chambers

dose 
(mg/m2 )

replications
illuminated
chamber

shaded
chamber

central
chamber

0 0 0 2 2 2 0 2 2 1 4 2 3 6 1 8 9 4 6 5 4 7
4.8 2 0 1 2 1 6 1 0 0 1 6 0 7 10 9 7 3 4
7.7 5 4 7 3 2 2 0 1 3 1 1 2 5 5 0 6 7 6
8.0 ** 4 4 3 3 r*

\ J U
A
U 1 1 1 2 0 6 5 6 6 2

12.9 0 4 4 4 2 1 7 1 3 2 3 0 3 5 3 4 5 9
13.6 0 0 7 5 9 3 1 1 1 4 1 1 9 9 2 1 0 6
18.0 0 1 1 1 4 2 3 0 0 0 1 4 7 9 9 9 5 4
22.6 4 1 0 0 2 0 2 2 0 1 6 7 8 10 8

31.3 4 4 1 2 4 0 1 0 1 1 6 5 9 7 5
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APPENDIX 4.1

Fate of oothecae following death of 7-14 day old B.geraanica feiales resulting froi
exposure to 50X boric acid bait at 20'C and 92.5X r.h. (controlled with saturated
BaClt solution) (total of 3 replicates)

day oothecae retaining attached oothecae deposited by
to body of feiale feiale during baiting

adult
uortality

period
apparently non-viable hatched apparently non-viable hatched
viable viable

50X w/w boric acid bait
1 0.0
2 2.0
3 11.3
4 41.3
5 78.0
8 33.3
7 100.0 58 0 0 89 3 0
8 58 0 0 89 0 0
9 58 0 0 89 0 0
10 58 0 0 89 0 0
11 58 0 0 89 0 0
12 58 0 0 89 0 0
13 58 0 0 89 0 0
14 58 0 0 89 0 0
15 58 0 0 89 0 0
16 58 0 0 89 0 0
17 58 0 0 89 0 0
18 58 0 0 89 0 0
19 58 0 0 86 2 1
20 58 0 0 86 2 1
21 58 0 0 86 2 1
22 57 1 0 81 7 1
23 56 2 0 77 11 1
24 53 5 0 76 12 1
25 53 5 0 75 13 l
26 49 9 0 73 15 1
27 43 15 0 73 15 1
28 37 21 i) 67 21 1
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APPENDIX 4.1 (CONTINUBD)

Bate of oothecae following death of 7-14 day old B-geraaoica feiales resulting froi
exposure to 50X boric acid bait at 20*C and 92.5X r.h. (controlled with saturated
BaClt solution) (total of 3 replicates)

day
adult

nortality

oothecae reiaining attached 
to body of feiale

oothecae deposited by 
feiale during baiting 

period
apparently non-viable 
viable

hatched apparently non-viabie hatched 
viable

29 32 27 0 53 30 1
30 26 33 0 53 35 1
31 21 38 0 47 41 1
32 21 38 0 40 48 1
33 13 46 0 37 51 1
34 13 46 0 33 55 i
•« r  
0 0 11 48 0 29 59 1
36 4 55 0 28 60 1
37 3 56 0 17 71 1
38 1 57 0 10 78 1
39 0 58 0 5 82 2
40 0 58 0 0 87 2
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APPENDIX 4.2

Pate of oothecae following death of 14-21 day old B. genaaica feiales resulting froi
exposure to 50X boric acid bait at 20*C and 92.51 r.h. (controlled with saturated BaCl;
solution) (total of 3 replicates)

day oothecae reiaining attached oothecae deposited by
to body of feiale at death feiale during baiting

adult period
Mortality
(X) viable non-viable hatched viable non-viable hatched

50X boric acid
1 0.7
2 13.3
3 31.3
4 63.3
5 93.3
6 94.0
7
8 98.7
9 98.7
10 100.0 78 0 0 60 3 0
11 78 0 0 60 3 0
12 78 0 0 60 3 0
13 78 0 0 60 3 0
14 78 0 0 60 3 0
15 78 0 0 60 3 0
16 78 0 0 58 5 0
17 78 0 0 56 7 0
18 78 0 0 56 7 0
19 78 0 0 56 7 0
20 77 0 1 56 7 0
21 77 0 1 56 nt 0
22 76 1 l 56 7 0
23 76 1 1 55 8 0
24 75 2 1 52 10 1
25 70 4 4 49 12 2
26 67 5 6 48 12 3
27 64 6 8 48 13 3
28 59 7 12 46 15 3
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APPENDIX 4.2 (CONTINUED)

Fate of oothecae following death of 14-21 day old B. genanica feiales resulting froi
exposure to 50X boric acid bait at 20*C and 92.5X r.h. (controlled with saturated BaClt
solution) (total of 3 replicates)

day
adult

■ortality
(X)

oothecae reiaining attached 
to body of feiale at death

oothecae deposited by 
feiale during baiting 

period
viable non-viable hatched viable non-viable hatched

29 58 7 13 45 16 3
30 51 10 17 43 17 4
31 48 13 17 40 20 4
32 44 15 19 31 28 5
33 37 22 19 25 34 5
34 30 29 19 17 42 5
35 27 32 19 !4 45 5
36 24 35 19 in 49 5
37 11 48 19 8 51 5
38 7 52 19 7 52 5
39 3 55 20 2 57 5
40 0 58 20 0 59 5
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APPEND!! 4.3

Kate of oothecae following death of 7-14 day old B.gertaaica feiales resulting
froi exposure to 50! boric acid bait at 28'C and 92.5! r.h. (controlled with
saturated BaClt solution) (total of 3 replicates)

oothecae reiaining attached oothecae deposited by
to body of feiale feiale during baiting

adult
lortality

period
apparently non-viable hatched apparently non-viable hatched
viable viable

50! w/w boric acid bait
1 17.3
2 29.3
3 88.7
4 100.0 52 0 0 93 5 0
5 52 0 0 93 5 0
6 52 0 0 93 5 0
7 52 0 0 93 5 0
8 52 0 0 93 5 0
9 52 0 0 93 5 0
10 52 0 0 93 5 0
11 52 0 0 90 8 0
12 52 0 0 90 8 0
13 52 0 0 90 8 0
14 51 1 0 83 13 2
15 48 3 1 80 16 2
16 46 3 3 79 16 3
17 43 3 6 69 17 12
18 37 4 11 63 18 17
19 32 4 16 57 22 19
20 26 4 22 52 23 23
21 22 4 26 41 27 30
22 18 4 30 36 28 34
23 11 6 35 18 39 41
24 9 6 37 11 41 46
25 2 9 41 1 47 50
26 0 11 41 0 48 50
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APPENDIX 4.4

Pate of oothecae following death of 14-21 day old B.genanica feiales resulting
froi exposure to 50X boric acid bait at 28'C and 92.5X r.h. (controlled with
saturated BaClt solution) (total of 3 replicates)

day oothecae reiaining attached oothecae deposited by
to body of feiale feiale during baiting

adult
■ortality

period

(X) apparently non-viable hatched apparently non-viable hatched
viable viable

50X w/w boric acid bait
1 25.3
2 83.3
3 98.7
4 99.3
5 100.0 83 0 0 59 3 0
6 noou J 1 58 4 0
7 81 0 2 56 6 0
8 79 0 4 54 7 1
9 78 0 5 50 9 3
10 76 0 7 47 11 4
11 75 0 8 45 12 5
12 72 1 10 40 15 7
13 66 6 11 34 20 8
14 63 6 14 32 21 9
15 59 6 18 28 23 11
16 56 6 21 28 23 11
17 50 11 22 23 26 13
18 43 14 26 19 28 15
19 39 16 28 15 31 16
20 29 17 37 11 31 20
21 23 17 43 8 33 21
22 13 21 49 3 35 24
23 9 21 53 0 35 27
24 3 24 56 0 35 27
25 0 26 57 0 35 27

197



APPENDIX 4.5
Pate o f oothecae fo llow ing death of 7-14 day old B . g e r t a n i c a  fe ia le s  resu ltin g
f r o i  exposure to hydraiethylnon b a it  a t 20*C and 92.5% r .h .  (co n tro lled  with
saturated BaClt so lu tion} ( to ta l  o f 3 re p lic a te s )

oothecae retaining attached oothecae deposited by
to body of fetale fetale during baiting

adult period
■ortality
(X) apparently non-viable hatched 

viable
apparently non-viable hatched 

viable

hydraiethylnon
1 0.7
2 0.7
3 2.7
4 16.7
5 30.7
6 40.7
7 47.3
8 56.0
9 60.7
10 65.3
11 70.7
12 80.0
t3 32.0
14 94.7
15 100.0 127 0 0 16 7 0
16 127 0 0 16 7 0
17 127 0 0 16 7 0
18 127 0 0 16 7 0
19 127 0 0 16 7 0
20 127 0 0 16 7 0
21 127 0 0 14 9 0
22 127 0 0 14 9 0
23 127 0 0 14 9 0
24 127 0 0 14 9 0
25 127 0 0 14 9 0
26 127 0 0 14 9 0
27 126 0 1 14 9 0
28 126 0 14 9 0
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APPKIDII 4 .5  (CONTINUED)

Pate of oothecae fo llow ing death o f 7-14 day old fl.g e rian ica  fe ia le s  resu ltin g
f r o i  exposure to hydraiethylnon b a it  a t 20*C and 9 2 .5X r .h .  (co n tro lled  with
saturated BaClt so lu tio n ) ( to ta l  o f 3 re p lic a te s )

day oothecae reiaining attached oothecae deposited by
to body of feiale feiale during baiting

adult
■ortality

period

(X) apparently non-viable hatched apparently non-viable hatched
viable viable

29 126 0 1 14 9 0
30 126 0 1 14 9 0
31 126 0 1 14 9 0
32 126 0 1 14 9 0
33 124 2 1 12 11 0
34 121 5 1 10 13 n
35 121 5 1 10 13 0
36 121 5 1 10 13 0
37 117 9 1 6 17 0
38 116 9 2 6 17 0
39 114 11 2 4 19 0
40 112 11 2 3 20 0
41 105 18 2 0 3 0
42 105 18 2 - - -

43 104 19 2 - - -

44 100 23 4 - - -

45 93 30 6 - - -

46 85 38 6 - - -

47 79 44 6 - - -

48 64 59 8 - - -

49 57 66 8 - - -
50 41 81 9 - - -

51 28 93 10 - - -

52 23 98 10 - - -

53 17 104 10 - - -

54 11 110 10 - - -
55 5 116 10 - - -
56 4 116 11 - - -

57 0 116 11 - - -

1 9 9



APPENDIX 4.6

Fate o f oothecae fo llow ing  death of 14-21 day old B . g e r a a o i c a  fe ia le s  resu ltin g
f r o i  exposure to hydraiethylnon b a it  a t 20'C and 9 2 .5X r .h .  (co n tro lled  with saturated
BaClt so lu tio n ) ( to ta l  o f 3 re p lic a te s )

Day

i
adult

lortality
w

oothecae regaining attached 
to body of feiale

oothecae deposited by 
feiale during baiting 

period

apparently
viable

desiccated hatched apparently desiccated 
viable

hatched

hydraiethylnon
1 0.0
2 0.7
3 2.0
4 13.3
- of o
6 47.3
7 67.3
8 74.0
9 80.7
10 88.7
11 96.0
12 100.0 144 0 0 4 2 0
13 144 0 0 4 2 0
14 144 0 0 4 2 0
15 144 0 0 4 2 0
16 144 0 0 4 2 0
17 144 0 0 4 2 0
18 144 0 0 4 2 0
19 144 0 0 4 2 0
20 144 0 0 4 2 0
21 144 0 0 4 2 0
22 144 0 0 4 2 0
23 144 0 0 4 2 0
24 144 0 0 4 2 0
25 144 0 0 4 2 0
26 144 0 0 4 2 0
27 144 0 0 4 2 0
28 143 1 0 3 3 0

2 0 0



APPENDIX 4.6 (CONTINUED)

Fate of oothecae fo llow ing death of 14-21 day old 3 .ger*an ica  fe ta le s  resu ltin g
f r o i  exposure to hydraiethylnon b a it a t 20'C and 9 2 .5X r .h .  (co n tro lle d  with saturated
BaClt so lu tion) ( to ta l  of 3 re p lic a te s )

Day oothecae retaining attached oothecae deposited by
to body of feiaie feiaie during baiting

adult
aortality

period

(%) apparently desiccated hatched apparently desiccated hatched
viable viable

29 141 2 1 2 4 0
30 140 2 2 2 4 0
31 139 2 3 1 5 0
32 138 2 4 1 5 0
33 137 3 4 0 6 i)
34 137 3 4 - - -

35 136 3 J -

36 135 3 6 - -

37 135 3 6 - -

38 135 3 6 - -

39 134 3 7 - -

40 107 29 8 - -
41 105 31 11 - -

42 102 31 14 - -

43 97 31 19 - -

44 97 31 19 - -

45 82 46 19 - -

46 62 62 23 - -

47 51 73 23 - -

48 43 81 23 - -

49 29 95 23 - -

50 14 109 24 - -

51 0 120 24 - -

2 0 1



APPBMDII 4.7

Kate of oothecae fo llow ing death of 7-14 day old B . g e r a a a i c a  fe ia le s  resu ltin g
f r o i  exposure to hydraiethylnon b a it  a t 28*C and 92.5% r .h .  (co n tro lled  with
saturated BaClt so lu tion ) ( to ta l  o f 3 re p lic a te s )

oothecae retaining attached oothecae deposited by
to body of fetale feiale during baiting

adult period
lortality
(X) apparently non-viable hatched 

viable
apparently non-viable hatched 
viable

hydraiethylnon bait1 0.0
2 8.0
3 46.7
4 66.0
5 68.7
6 84.0
7 98.7
8 100.7 146 0 0 3 1 0
9 146 0 0 3 1 0
10 146 0 0 3 1 0
11 146 0 0 3 1 0
12 146 0 0 3 1 0
13 146 0 0 2 2 0
14 146 0 0 2 06 0
15 146 0 0 2 2 0
16 146 0 0 2 2 0
17 146 0 0 2 2 0
18 146 0 0 2 2 0
19 146 0 0 1 2 1
20 144 0 2 1 2 1
21 123 0 23 1 2 1
22 77 0 69 1 2 1
23 20 0 126 1 2 1
24 6 0 140 1 2 l
25 3 3 140 1 2 1
26 0 6 140 0 3 1

2 0 2



APPENDIX 4.8

Pate o f oothecae fo llow ing death of 14-21 day old B. g e r a a a i c a  fe ia le s  resu ltin g
f r o i  exposuer to hydraiethylnon b a it  a t 28*C and 9 2 .5X (controled with
saturated BaClt so lu tion ) to ta l of 3 re p lic a te s )

day oothecae reiaining attached oothecae deposited by
to body of feiale feiale during baiting

adult
■ortalt

period

(X) apparently non-viable hatched apparently non-viable hatched
viable viable

hydraiethylnon bait
1 10.7
2 16.7
3 47.3
4 91.3
5 95.3
e nan
7 100.0 138 0 0 10 2 0
8 138 0 0 10 2 0
9 138 0 0 10 2 0
10 138 0 0 10 2 0
11 137 0 1 10 2 0
12 137 0 1 10 2 0
13 137 0 1 10 2 0
14 132 0 6 10 ’)U 0
15 121 0 18 10 2 0
16 103 0 36 10 2 0
17 74 0 65 8 2 2
18 39 0 100 5 2 3
19 22 0 117 2 2 6
20 4 13 121 0 4 6
21 0 17 121 0 4 6

2 0 3



APPBNDII 4.9
Hatch of pre-treated oothecae froi 10 day old adult feiales at the end of 30 day observation 
period at 20*C and 92.5% r.h. (controlled with saturated BaClz solution)

day Control Decapted

initial
nuiber 12 12 12 12 12 35 40 50 12 12 12 12 12 35 40 50

1 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0 8 0 0 0 0 0 0 0 0

0 0 1 1 0 0 0 11 C 0 1 0 0 0 0 0
5 l 0 1 2 0 0 0 21 0 0u 1 0 1 0 0 0
6 2 1 2 2 0 0 0 23 0 2 1 0 1 0 0 0
7 3 1 2 2 0 1 0 23 0 2 1 0 1 0 0 2
S 3 1 2 2 1 1 0 25 1 2 1 l 1 0 0 2
9 3 1 2 3 1 4 0 30 3 3 3 1 1 1 0 2
10 1 1 2 4 1 5 0 32 3 3 3 2 2 1 0 7
11 4 1 3 6 i 7 A n '( 3 o 2 3 4 0 9
12 4 2 3 6 2 7 0 32 4 3 4 2 3 6 0 16
13 5 4 3 6 3 7 0 32 4 3 4 2 3 6 0 17
14 5 4 3 6 3 9 0 33 5 3 4 3 4 9 0 20
15 6 4 3 6 3 10 1 33 5 4 8 3 5 11 0 26
16 6 5 5 6 3 12 5 33 5 5 8 5 6 11 1 27
17 7 7 5 6 6 13 11 34 6 5 8 7 6 14 1 29
18 7 7 5 6 7 16 14 34 6 5 9 7 6 17 l 30
19 7 7 7 7 8 19 20 34 8 6 10 7 7 17 3 32
20 7 7 7 7 9 22 22 34 8 7 10 7 8 18 3 33
21 8 8 7 7 9 25 25 34 8 7 10 7 9 18 3 33
22 8 9 7 7 9 25 25 34 8 7 10 7 9 19 3 33
23 8 3 8 7 10 25 27 34 9 7 10 7 9 21 4 33
24 10 11 10 7 10 26 29 35 9 7 10 7 9 23 4 34
25 10 11 11 8 10 26 31 36 9 7 10 7 9 24 4 34
26 10 11 11 8 11 26 31 37 9 7 10 7 9 24 4 34
27 10 11 11 9 11 26 33 37 9 7 10 7 9 24 4 34
28 10 11 11 10 11 27 33 37 9 7 10 7 9 24 4 34
29 10 11 11 10 11 29 37 37 9 7 10 7 9 24 5 34
30 10 11 11 10 11 32 37 37 9 7 10 7 9 24 5 34
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Hatch of pre-treated oothecae fro* 10 day old adult feiales at the end of 30 day 
observation period at 20»C and 92.5X r.h. (controlled with saturated BaClt 
solution)

APPENDIX 4.9  (continued)

day Hanully
reioved

Hydraiethylnon
treated

initial
nuiber 12 12 12 12 12 35 40 50 12 12 12 12 12 35 40

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
5 0 2 0 0 2 0 0 0 0 0 0 0 0 0 0
6 0 2 0 0 2 0 0 0 0 0 0 0 0 0 0
7 0 2 2 2 4 0 0 1 0 0 0 0 0 1 0
8 0 2 2 2 4 2 0 5 0 0 0 0 0 1 0
9 0 2 2 2 4 2 0 5 1 1 *j V *\ •> rt
10 1 3 2 3 4 7 0 8 1 1 6 0 3 2 0
11 5 6 3 3 6 7 0 9 3 1 6 0 3 7 0
12 6 6 4 3 6 11 0 13 3 1 7 1 6 9 0
13 6 6 4 3 6 11 0 15 3 1 7 2 6 10 0
14 6 7 5 4 7 14 0 16 3 1 7 3 6 15 0
15 7 7 6 4 7 18 0 17 5 1 7 4 7 20 1
16 9 7 6 7 11 20 1 18 5 1 7 6 9 20 2
17 10 9 6 7 11 23 1 19 6 1 9 7 9 23 2
18 10 9 6 7 11 23 1 20 7 2 9 7 9 24 3
19 10 9 6 7 11 24 2 22 9 3 10 9 10 24 3
20 10 9 6 7 11 24 2 24 9 4 10 9 10 24 9
21 10 9 6 7 11 25 3 25 9 4 10 10 10 25 10
22 10 9 6 7 11 25 9 25 9 5 10 10 10 25 13
23 10 9 6 7 11 26 13 25 9 5 10 10 10 26 15
24 10 9 6 7 11 26 14 25 9 5 10 10 10 28 19
25 10 9 6 7 11 26 14 26 9 5 10 10 10 29 19
26 10 9 6 7 11 26 16 26 9 5 10 10 10 30 19
27 10 9 6 7 11 26 16 27 9 5 10 10 10 30 19
28 10 9 6 7 11 26 16 27 9 5 10 10 10 30 20
29 10 9 6 7 11 26 16 27 9 5 10 10 10 30 20
30 10 9 6 7 11 26 16 27 9 5 10 10 10 30 20
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A P P E N D IX  4 . 1 0

D e p o s i t i o n  a n d  h a t c h  o f  o o t h e c a e  f r o m  1 4 - 2 1  d a y  o l d  f e m a l e  B .
g e n n a n i c a  a t  t w o  t e n r p a r e t u r e s  a n d  9 2 . 5 %  r . h .  ( c o n t r o l l e d  w i t h
s a t u r a t e d  B a C l2 s o l u t i o n )

28® C 20® C

c u m u la tiv e  c u m u la tiv e  
day number number

d e p o s ite d  h a tch ed

c u m u la tiv e  c u n u la tiv e  
number number

d e p o s ite d  h a tch ed

1 0 4 0 4 0 0 0 0
2 0 16 0 16 1 0 0 0
3 0 17 0 17 2 0 0 0
4 2 30 1 30 2 0 0 0
5 5 41 5 41 2 0 0 0
6 13 44 13 44 2 0 0 0
7 20 45 20 45 2 0 0 0
8 28 4S 28 46 2 0 0 0
9 29 48 29 48 2 0 0 0
10 32 49 32 48 2 1 0 1
11 40 49 40 48 2 1 0 1
12 42 49 42 48 2 1 0 1
13 43 49 40 48 2 4 0 4
14 48 50 45 48 2 5 0 5
15 50 50 48 48 2 8 0 8
16 - - - - 2 8 0 8
17 - - - - 2 8 0 8
18 - - - - 2 9 0 9
19 - - - - 3 9 0 9
20 - - - - 3 12 0 12
21 - - - - 3 15 0 15
22 - - - - 3 20 0 16
23 - - - - 3 26 0 24
24 - - - - 3 35 0 30
25 - - - - 5 35 3 35
26 - - - - 5 37 3 37
27 - - - - 16 38 12 37
28 - - - - 21 40 17 40
29 - - - - 25 45 23 40
30 - - - - 25 46 23 40

2 0 6



A P P E N D IX  4 . 1 0  ( C O N T IN U E D )

D e p o s i t i o n  a n d  h a t c h  o f  o o t h e c a e  f r o m  1 4 - 2 1  d a y  o l d  f e m a l e  B .
g e r m a n i c a  a t  t w o  t e m p a r e t u r e s  a n d  9 2 . 5 %  r . h .  ( c o n t r o l l e d  w i t h
s a t u r a t e d  B a C l2 s o l u t i o n )

28° C 20° C

day cum ulative
number

d ep o s ited
cum ulative

number
hatched

cum ulative
number

d ep o sited
cum ulative

number
hatched

31 _ 26 45 23 4032 - - 29 48 25 4033 - - 30 48 29 4034 - - 33 50 31 4035 - - 33 50 31 4036 - - 37 50 35 4037 - - 37 50 35 4038 - - 37 50 35 4039 - - 41) DU 3 i 4u40 - - 45 50 40 4041 - - 45 50 40 4042 - - 49 50 45 4043 - - 50 50 47 40

2 0 7



A P P E N D IX  4 . 1 1

D e p o s i t i o n  a n d  h a t c h  o f  o o t h e c a e  f r o m  7 - 1 4  d a y  o l d  f e m a l e  B .
g e r m a n i c a  a t  t w o  t e m p a r e t u r e s  a n d  9 2 . 5 %  r . h .  ( c o n t r o l l e d  w i t h
s a t u r a t e d  B a C l2 s o l u t i o n )

28° C 20° C
cum u lative cum ulative  

day number number
d ep o s ited  hatched

cum ulative cum ulative  
number number

d ep o s ited  hatched

1 0 0 0 0 0 0 0 02 0 0 0 0 0 0 0 03 0 0 0 0 0 0 0 04 0 0 0 0 0 0 0 05 0 0 0 0 0 0 0 06 0 0 0 0 0 0 0 07 0 5 0 5 2 0 0 08 0 12 0 12 3 0 0 09 0 19 0 19 3 0 0 010 0 27 0 26 3 0 0 011 6 34 5 31 3 0 0 012 11 34 11 33 3 0 0 013 20 36 19 34 3 0 0 014 24 40 24 36 3 0 0 015 37 40 37 37 3 0 0 016 43 43 43 37 3 2 0 017 46 45 46 40 3 3 0 218 47 46 47 40 3 3 0 319 50 50 50 40 3 7 0 720 - - - - 3 8 0 821 - - - - 3 16 0 1522 - - - - 3 16 0 1523 - - - - 3 20 0 1924 - - - - 3 20 0 2025 - - - - 3 21 0 2126 - - - - 4 25 0 2527 — — - - 4 26 0 25
28 - - — — 4 26 0 2629 - - - - 4 31 0 3020 - - - - 4 33 0 33

2 0 8



A P P E N D IX  4 . 1 1  (C O N T IN U E D )

D e p o s i t i o n  a n d  h a t c h  o f  o o t h e c a e  f r o m  7 - 1 4  d a y  o l d  f e m a l e  B .
g e r m a n i c a  a t  t w o  t e m p a r e t u r e s  a n d  9 2 . 5 %  r . h .  ( c o n t r o l l e d  w i t h
s a t u r a t e d  B a C l2 s o l u t i o n )

d ay

28° C 20° C

c u m u la tiv e
number

d e p o s ite d

c u m u la tiv e
number
h atch ed

c u m u la tiv e
number

d e p o s ite d

c u m u la tiv e
number
h atch ed

31 .  _ 5 35 1 35
32 - - 5 37 1 35
33 - - 5 42 1 42
34 - -  - 5 46 1 42
35 - - 5 46 1 42
36 - - 7 46 1 42
37 - - 7 46 1 42
38 - - 11 47 2 42
39 - - 16 47 4 42
40 - -  - 16 47 4 42
41 - - 20 47 5 42
42 - - 23 47 7 42
43 - -  - 25 48 8 42
44 - - 26 48 9 42
45 - - 32 49 9 42
46 - - 32 50 9 42
47 - -  - 32 50 10 42

2 0 9



APPENDIX 5.1
Huaber of dead cockroaches (2-3 wk old aale adults) after continuous exposed to various concentrations of 
silica dusts for 24 hours in petri dishes

silica dust nuaber (dose ag/al) of dead cockroaches out of 10

Gasil 23 F 4 4 6 4 7 5 6 10 9 9 9 10 8
(0.09) (0.19) (0.28) (0.38) (0.49) (0.59) (0.61) (0.63) (0.82) (1.09) (1.10) (1.62) (1.64)

Gasil BP37 3 1 7 6 9 5 5 5 10 7 10 9 10 10
(0.13) (0.16) (0.35) (0.36) (0.46) (0.53) (0.61) (0.64) (0.83) (0.85) (1.18) (1.20) (1.54) (1.57)

Gasil BP25 1 4 7 7 6 8 9
(0.35) (0.69) (0.80) (0.94) (1.09) (1.34) (1.59)

Gasil 114 1 4 3 7 9
(0.38) (0.69) (0.94) (1.26) (1.59)

Gasil AF 2 3 7 5 8
(0.83) (1.10) (1.62) (2.34) (3.11)

Cab-O-Sil M-7D 5 3 4 4 2 2 6 6 4 3 5 7 8 8
(1.43) (1.45) (1.59) (1.60) (1.86) (1.90) (2.39) (2.41) (2.66) |12.67) (3.14) (3.19) (3.76) (3.77)

Cab-O-Sil B5 2 6 7 9 10
(0.35) (0.63) (0.93) (1.24) (1.5?)

Cab-O-Sil KBS 3 5 6 10 9
(0.33) (0.63) (0.90) (1.23) (1.57)

Hacker BDK B20 1 0 3 3 6 4 1 2 9 10 9 9 10 10
(0.16) (0.17) (0.31) (0.35) (0.47) (0.52) (0.60) (0.63) (0.76) (0.80) (1.07) (1.12) (1.57) |[1.60)

Vacker BDK M20 0 5 8 9 10
(0.31) (0.60) (0.94) (1.26) (1.60)

2 1 0



A P P E N D IX  5 . 2

Amount o f  s i l i c a  d u s t p ic k e d  up by m ale a d u lt  German cockroaches  
d u rin g  3 m in u te  exposure to  th e  d u s ts  a t  2 g/m2 in  p e t r i  d is h e s

G a s il HP37

dyed d u s t (mg) 0 .1 0 8 0 .2 3 2 0 .4 1 5 0 .6 4 6 0 .8 3 0 1 .0 3 6
O . D . (5  ml s o l . ) 0 .0 5 0 .1 2 0 .2 0 0 .3 1 0 .4 6 0 .5 5

O.D = 0 .0 3 2  + 1 .821 (d u s t w e ig h t) r 2 = 0 .9 9 2

exposure tim e 1 .5 5 30 60 90 120 180
(m in )

O . D . / i n s e c t 0 .0 3 0 .0 7 0 .1 1  0 .1 6 0 .2 4 0 .3 5 0 .3 4
0 .0 2 0 .0 7 0 .0 8  0 .1 2 0 .3 9 0 .3 2 0 .3 4
0 .0 6 0 .0 7 0 .0 7  0 .1 0 0 .2 1 0 .2 2 0 .2 2
0 .0 4 0 .1 1 0 .0 8  0 .1 0 0 .2 1 0 .1 8 0 .1 4
0 .0 2 0 .1 3 0 .0 9  0 .1 4 0 .3 0 0 .  18 a __ n q

W acker HDK N20

dyed d u s t (mg) 0 .2 0 0 .4 2 0 .6 2 0 .8 2 1.04
0 . D . ( 5  ml s o l . ) 0 .1 4 0 .2 9 0 .4 0 0 .5 6 0 .6 8

O.D. = 0.001  + 1 .473  (d u s t w e ig h t) r 2 = 0 . 997

exposure tim e  
(m in )

1 .5 5 30 60 90 120 180

O . D . / i n s e c t 0 .0 2 2 0 .0 1 2 0 .0 1 8 0 .0 1 6 0 .0 2 4 0 .0 7 0 0 .1 2 0
0 .0 3 2 0 .0 2 0 0 .0 1 6 0 .0 2 6 0 .0 3 9 0 .0 8 0 0 .1 2 4
0 .0 2 7 0 .0 2 0 0 .0 1 0 0 .0 1 8 0 .0 2 1 0 .1 0 4 0 .0 9 0
0 .0 3 6 0 .0 1 0 0 .0 1 0 0 .0 2 8 0 .0 2 1 0 .0 6 4 0 .1 0 0
0 .0 2 6 0 .0 1 2 0 .0 1 6 0 .0 1 6 0 .0 3 0 0 .0 9 2 0 .0 7 2

dyed d u s t (mg) 0 .0 5
O .D . ( 5  ml s o l . )  0 .1 0

S ip e m a t 22

0 .1 4  0 .2 2  0 .4 6  0 .7 7
0 .3 0  0 .4 6  1 .0 9  1 .91

O.D 0 .0 2 4  + 0 .3 9 4  (d u s t w e ig h t) r 2 = 0 .9 9 9

exposure tim e  
(m in )

1 .5 5 30 60 90 120 180

O . D . / i n s e c t 0 .0 5 0 0 .0 4 9 0 .0 4 1 0 .0 5 9 0 .0 4 4 0 .0 4 4 0 .0 4 5
0 .0 5 4 0 .0 5 1 0 .0 3 8 0 .0 5 6 0 .0 4 4 0 .0 4 3 0 .0 4 9
0 .0 5 5 0 .0 5 6 0 .0 4 7 0 .0 4 6 0 .0 4 4 0 .0 4 0 0 .0 4 7

2 1 1



Mortal!tj of 2-3 uk adult aale B. geraaaica in choice boxes half-treated with BP37 at 1.15 g/al)

APPENDIX 5.3

treataent exposure period (h) total m
1 2 4 S 12 24 tested

starved:
conditioned 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 3 0 0 2 7 6 4 18 20 20 20 20 20

0 0 0 2 0 2 0 S 0 5 0 7 0 7 0 8 4 13 2 9 20 20 20 19 20 20 20 19
0 0 4 4 4 19 19

unconditioned 0 0 0 0 0 12 0 2 7 2 0 5 11 3 0 18 17 5 1 18 20 20 17 18 20 20 20
0 0 0 0 0 0 0 2 2 1 0 2 5 5 0 7 14 13 2 14 20 20 20 19 20 20 20 19
!> ftV 7 13 20 20 20

unstarved:
conditioned 0 0 0 0 0 7 9 0 0 18 17 0 0 18 17 0 0 19 17 1 0 19 17 1 20 19 17 20

0 0 0 0 10 0 0 1 0 0 0 1 0 0 0 2 0 2 0 S 2 10 0 17 19 19 20
0 1 1 1 1 5 20

unconditioned 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 13 4 20 20 20 20
0 0 0 0 0 0 0 0 0 2 0 0 0 2 0 0 0 3 1 0 15 20 14 10 20 20 20 20
0 0 0 0 0 6 20

starred: held for 24 h without food + water following reaoval froi culture tin
unstarved: held for 24 h with food * water following reaoval froi culture tin
unconditioned: allowed iaaediate access to treated half of chaaber following addition to choice box 
conditioned: held for 2 h in untreated half of choice box prior to being given access to treated half

2 1 2



APPENDIX 5 .4

Number of live 2-3 wk male adult B. gerwanioa. in treated. ('1} aaki 
untreated (in’) halves of choice boxes half—treated with Gasil HP37 at 1.15 
rag/m2

exposure period
treatment l h  2 h 4 h  6 h  12 h 24 h total

T U T  T U T  T U T  T U T  T U T  T U T  in box

starved:
conditioned

unconditioned

unstarved:
conditioned

unconditioned

0 20 0 20 2 18 0 20 0 20 0 14 20
0 20 0 20 0 20 0 20 0 20 1 15 20
1 19 0 20 0 20 0 20 1 17 0 2 20
0 20 0 20 0 17 3 14 6 7 - - 20
0 20 0 20 0 20 1 19 6 10 - - 20
2 18 0 18 0 15 3 10 2 5 - - 20
0 20 0 20 0 20 0 20 0 18 - - 20
3 14 1 13 1 12 0 11 1 9 - - 19
1 18 1 18 0 15 0 15 2 13 — — 19

0 18 0 18 1 15 1 12 — — - - 18
2 18 0 19 1 12 2 7 2 1 - - 20
1 19 0 18 0 18 1 16 0 15 - - 20
0 20 0 20 0 20 0 20 1 18 0 3 20
1 19 1 19 0 18 0 15 1 5 - - 20
0 20 0 20 1 18 0 15 0 7 - -- 20
0 19 0 19 2 17 0 19 0 17 - - 20
3 16 0 17 4 13 0 12 0 5 - - 19
0 20 3 17 4 9 0 7 - - - - 20

0 20 0 20 1 19 0 20 0 20 0 20 20
5 13 2 10 0 1 0 1 - - - - 19
5 12 3 5 - - - - - - - - 17
1 19 0 20 0 20 0 17 0 19 1 18 20
0 17 0 16 1 15 0 ‘ 16 1 14 0 11 17
1 19 1 19 0 20 0 20 2 18 0 18 19
1 18 0 19 0 19 0 19 0 17 0 19 19
1 19 1 19 1 19 2 18 0 20 0 20 20
0 20 0 19 0 19 0 19 2 17 0 15 20

0 20 0 20 0 20 0 20 0 20 2 17 20
0 20 0 20 1 19 0 20 0 20 0 7 20
0 20 0 20 0 20 0 20 5 15 0 20 20
0 20 0 20 0 20 0 20 0 20 1 15 20
1 19 1 19 1 19 1 19 2 18 0 5 20
0 20 0 20 0 18 0 18 2 15 - — 20
1 19 0 20 0 20 0 20 5 14 0 6 20
1 19 0 20 0 20 0 20 1 19 3 7 20
4 14 5 13 6 12 6 12 5 13 1 11 18

starved: held for 24 h without food + water foil owing removal from
culture tin.

unstarved: held for 24 h with food + water following removal from
culture tin.

unconditioned: allowed immediate access to treated half of chamber following 
addition to choice box.

conditioned: held for 2 h in untreated half of choice box prior to being
given access to treated half.
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A P P E N D IX  5 . 5

Number o f  dead m ale a d u lts  o f German cockroaches in  c h o ic e  boxes 
h a lf - t r e a te d  w ith  G a s il HP37 a t  1 .1 5  mg/m2

r e la t iv e
h u m id ity 1 h 2 h 4

exposure  
h 6

p e rio d  
h 12 h 24 h t o t a l

58% r . h . 2 0 7 0 18 14 20 18 20 20 20 20 20 20
0 0 0 0 0 0 0 0 0 0 10 15 20 20

c o n tro l 0 0 0 0 0 0 0 0 0 0 3 0 20 20
0 0 0 0 0 0 0 0 0 0 0 0 20 20

85% r . h . 0 0 1 1 6 6 12 13 20 19 20 L9 20 19
0 0 0 0 0 0 0 0 2 0 7 6 14 20

c o n tro l 0 0 0 0 0 0 0 0 0 0 0 0 20 20
0 0 0 0 0 0 0 0 0 0 0 0 19 20

95-100% 0 0 0 1 0 1 0 1 0 1 0 13 20 20
0 0 0 0 0 0 0 0 0 0 1 1 18 20

c o n tro l 0 0 0 0 0 0 0 0 0 0 2 2 18 19
0 0 0 0 0 0 0 0 0 0 1 1 18 17
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APPENDIX 5.6
Nuiber of live sale adult Gerian cockroaches (out of 20) in treated (T) and untreated (UT) 
side of choice boxes half-treated with Gasil HP37 at 1.15 ag/il (n=4)

exposure periodrelative 1 h 2 h 4 h 6 h 12 h 24 hhuiidity a1 b a b a b a b a b a b totalT UT T UT T UT T UT T UT T UT in box

58X r.h. 6 12 5 8 0 2 - - - - _ - 200 20 2 18 1 4 0 0
L - - _ - 200 18 0 18 0 18 0 18 0 18 0 8 180 20 0 20 0 20 1 19 0 20 0 5 20

control 18 2 19 1 20 0 18 2 4 16 14 3 200 20 0 20 0 20 0 20 2 18 1 19 209 11 10 10 14 6 3 17 11 9 18 2 20i9 r 19 0 Is 0 18 1 17 2 17 2 19
85X r.h. 1 19 4 15 0 14 1 7 _ . . 201 18 0 18 0 13 0 6 - - - - 191 13 0 14 0 14 1 13 1 11 1 5 140 20 0 20 0 20 0 20 0 20 2 12 20
control 15 5 12 8 19 1 20 0 20 0 10 10 200 20 0 20 0 20 0 20 3 17 0 20 2014 5 17 2 14 5 18 1 17 2 10 9 190 20 1 19 1 19 1 19 6 14 0 20 20
95-100X 0 20 0 20 0 20 0 20 1 19 0 19 20r.h. 5 15 2 17 2 17 1 18 2 17 0 1 200 18 0 18 0 18 l 17 1 17 0 17 180 20 0 20 0 20 0 20 4 16 0 19 20
control 2 16 0 18 8 10 8 10 8 10 7 9 180 19 0 19 0 19 0 19 0 19 1 16 182 16 2 16 0 18 1 17 0 18 0 17 186 11 13 4 7 10 3 14 2 15 8 7 17

1 (a) cockroaches placed initially in chaiber (a) 
(b) cockroaches placed initially in chaiber (b)
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APPENDIX 5 .7
E ffe c t o f  the  p resence o f  w ater d isp e n se rs  on to x ic i ty  o f  G asil 
HP37 d u sted  on one s id e  o f cho ice  boxes a t  1.15 mg/m2 
a t  75% r .h .  and 30° C (n=4)

1 h
number 

2 h
o f cockroaches k i l le d  

4 h 6 h 12 h 24 h to ta l
no w ater 0 4 9 10 19 20 20
d isp e n se r 0 1 6 10 20 20 20

l 1 7 14 15 17 17
1 8 15 18 20 20 20

w ith w ater 0 0 1 1 OjL* 5 20
d i sp enser 0 0 0 0 0 1 20

0 1 2 4 4 6 20
0 0 1 1 1 5 20

APPENDIX 5 .8
Number o f  l iv e  male a d u lts 1 o f  German cockroaches in  t r e a te d  (T) 
and u n tre a te d  (UT) s id e s  o f  cho ice  boxes h a l f - t r e a te d  w ith G asil HP37 
a t  1.15 mg/m2 (n=4)

exposure p e rio d
1 h 2 h 4 h 6 h 12 h 24 h to t a l

T UT T UT T UT T UT T UT T UT te a te d
no w ater 6 14 5 11 7 4 5 5 1 0 - - 20
d isp e n se r 7 13 7 12 6 8 5 5 - - - - 20

2 14 3 13 4 6 0 3 0 2 - - 17
3 16 2 10 2 3 0 2 - - - - 20

w ith w ater 7 13 6 14 3 15 4 15 4 14 0 15 20
d isp e n se rs 1 19 1 19 3 17 1 19 6 14 0 19 20

5 15 8 11 5 13 3 13 4 12 4 10 20
2 18 1 19 0 19 3 16 2 17 1 14 20

1 cockroaches deprived  o f food and w ater fo r  24 h p r io r  to
in tro d u c tio n  in to  cho ice  boxes aiid allow ed immediate access  to  
th e  t r e a te d  s id e .
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APPENDIX 5 .9
Number o f  dead cockroaches (out o f 10) a t  24 h fo llow ing  3 min 
exposure to  com binations o f  p y re th ro id s  and G asil HP25 o r t a l c  
a t  1 g/m2
com bination c o n c e n tra tio n  (w/w)

0.01% 0.05% 0.1%
d e lta m e th rin  p lu s

ta l c 0 0 0 0 0 10 10 7 6 7 -
s i l i c a 10 0 8 2 0 10 10 10 10 10 -

alpham ethrin  p lu s
ta lc 0 0 0 0 0 2 0 1 0 1 -
s i l i c a 3 5 6 9 9 10 9 10 10 10 -

c y f lu th r in  p lus
ta lc 0 0 0 0 0 0 2 0 0 1 4 4 2 5 2s i l i c a 0 0 5 3 0 9 5 6 4 5 11 \ Wl »n 70

cyperm ethrin  p lu s
ta lc 0 0 0 0 0 0 0 0 0 0 5 3 5 2 0s i l i c a 5 0 0 2 0 7 2 10 4 4 10 9 7 10 10

perm ethrin  p lu s
ta lc 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0s i l i c a 0 6 0 0 0 0 0 7 0 2 6 0 2 4 4

c o n tro l
t a l c 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0s i l i c a 1 0 0 0 0 1 4 0 1 1 0 0 2 3 0
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