GENETIC SELECTION, EVALUATION AND MANAGEMENT
OF NONDIAPAUSE APRIDOLETES APHIDIMYZA (RONDANI)
(DIPTERA: CECIDOMYTIDAE) FOR CONTROL OF

" GREENHOUSE APHIDS IN WINTRR -
S ' O
kL] . )

~

. Linda A, Gilkeson

y ¢

Department of Entomology

Macdonald College
Mc@ill University, Montreal
) March, 1986

A thesis submitted to the Paculty of Graduate Studies
and Research in partial fulfillment of the reqguirements
for the degree of Doctor of Philosophy. °

© Linda A. Gilkeson

-

‘

A

3

PP PR RN L
ORI

-



.
€
=

v

et et e Ty 1 WS S X g R g o P

§ .
f
I .
‘ 0
’
«
. .
.
'
° o
L 1 T
hi .
¢
~ NE
- a .
.-
< >
.
/ -

X
i 2
. -
P 1
N
‘e -
'
B
’
PR
"
i
. .y,
'
s
'
.
g
B
f .
. .
r
¥
(%Y -
<
1
¢ s
-
Y '

title: ‘

v

"
-
s
[
.
.
t

\

N
J
' -
'
ol
'
v
.
‘
. - .
A
\
I
«
.
) .
. /;
. >
.
.
v
Y

o
‘
-
'y
Ay
>
£l
.
£
£

‘ \
-. NONDIAPAUSING APHIDOLETES AFPHRIDIMYZA

. 1)
t
:
t
e f
Wt
1
.
¢
-
. .
-,
' -
u
=
.
A B
=

‘. N
B
v
-
[
. .
' &
EEEY
N .
Y .
'
1
.
-
;
!
L5
, ,

¢

.
N\i‘
"o ;‘
v

.

s
°
iy
* i

-
4
?
¥
. @
.
.o
et
~d
'
'
-

N



ey

R .

e

e ‘;& -
, R

. ; ‘ ABSTRACT
PhD: ' Linda A. Gilkeson "

~ - a
¢

Entomology

L8

GENETIC SELECTION, EVALUATION AND MANAGEMENT

OF NONDIAPAUSING APHIDOLETES APHIDIMYZA (RONDANT)

- (PIPTERA: CECIDOMYIIDAE) FOR CONTROL OF
GREENHOUSE APHIDS IN WINTER

The aphidophagous midge, Aphidoletes arhidimyza

H

(Rox;d.). is a promising ’biologica.l control agent, but. in

greenhousss its [}affectiveness ia re‘strictj,ed by ‘di‘a.pa.use -

during winter. Five nondiapausing lines of A. o.phiaimyza

were selected under LD 8:16 (21°C): One selected line

was maintained for 850 generations (3 yr); selection did not

affect fecundity, sex ratio, or morprhology. When selection

was relaxed, no significant reversion to higher diapause
>\ﬁm'.ti.clence occurred until after eight generations. '

Simultaneous fluctuations ip diapause incidence were observed

in all lines. This may have been caused by variation in host
‘ plant gusality, which was shown to affect qua.%ity of aphids
sufficiently to influence diapause in midge larvae. Rearing
larvae under LD 8:16 and thermoperiod 21:180C, yinduced
ciia.pa.uae in larvae from selected lines, hm:aever, low -
intensity radiation (<48 uW/cm?) at night icrevent.edq
dia.pa.uge under these co@itioqs. A release rate of
1 predator:l0 aphids was ;ufﬁg'ient to conirol a.pl:'xids ‘in;

v

cages, from November to January, ‘in the - greenhouse.
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2

-Le mouoheron a.phxdlpha.ge Aphtdotetes aphidimyza
(Bond) démont.re un grand potent.iel en tant qu ‘agent de

cont.rﬁlo biologique efficace. Son efficacitéd & Yintérieur . .
(8 , ‘

' . o des serres - est cependant rest.rexnt.e du? 3 une diapause
’ . hlverpp.le. ¢inq -lignées d’Aa. aphtdzmyzg. qQui n entJ nt ) ~
. | . . - pas en éta.t de °dia.pa.uae furent sélectionnées sous un régime
photopénodmue de 8 Heures de lurruére (LD 8:16) &
- 2loC, Une de ces hgnées fut maintenue penda.nt 50,
' générations (3 ans) sans qu’il y a.).t.yd;effets sur la .
féconditd, la prop&nt.ién des sexes ou la morphologie.
-Lorsque‘ la. sélection fut stoppés, une a.ugment.a',‘;.iorx: i B -

Bl

significative du niveau d’incidence ne, fut notée qu’aprus
2 ot A

wy s Ty obef P -
=Y

E : ' les 8 premidres générations: Les fluctuations du niveau

d’incidence de diapause se produisirent_simultanément d&rﬁ

s~

toutes .les lignées et dtaient possiblement attribuables &

4

des variations de 'la gqualitd des p]?antes-—hétes, qui fut o .

’ 2

demontrée modifier suffisamment la qualité des puceroﬁs« poui' g !

o

influencer le taux de diapause des larves de moucherons. Un ', .

L ‘ régime photopériodique LD 8:16 combiné & fune thermopériode’ T

“ ' -
' \ , ’ N

) 21:180C provoqua. la diapause chez les larves provenant ” oo
¥ ’ } - ! - ) " N
' des lignées sflectionnédes; cependant la faible intensité de . -

R 3 . ;
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ra.diq.piéni Ia-nyit (<48 uW/om2) empécha llé d

}o,pa.uae en

- . . M Ve ﬁi \ a . A
présence- dg telles conditions. En cages, un ratio de

1 prédatpur .reldché "pour 10 piucerons i;ermit de céntroler lee
‘les serres.
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--If 1.were a preda.tory mlclge. N '\

I"

I
.‘?.
-
.Y ' ’
THE GALL MIDGE SONG r &
If I werq a gall midge, L
Aphidolete-lete-lete-lete-ddidle-dee, . S

All day long I'd feast on -Aphididae - - ., -
If I were a~predatory midge. ’

I'd ea.t, the big ones, little ones,
Especially the juicy ones,

Green, blue, red, maroon and- black.
Latching onto her sweet little knee JOlnt, :
Wha.t a tasty snackl. - . -

[§ 4

- ~ I'a, inject. my specia.l paralysing ‘toxin,

Ma.klng sure she couldn’t get away.
Then I'd settle down to eat in pea.oe.
P:.gmng out on aphids: '
That’'s the surest way to heaven t.ha.t. I know~-—
Nab those knee .)omt.s——freeze ’em on 't\he spot
Suck their juices--get ’‘em -while they’ re ot
Leave thém lying shrivelled in & kx}ot
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, nondiapause t6 improve its effectiveness for biological
b - \

control.
2. Thu; is the f1rst. dembnstramon that qua.ht.y of a host
. plant can affect a. phytophagous inssact suffmlently o . -

Y

influence diapause 1ncidence m its prada.t.or.
Pemln:l.ng to A. aphtdtmyza
- 3. This is the firat time tha:b da.te. on emergenoe, dla.pa.use,
sex x:a.no, mortality, and pupal ,dew_relopment o1n A.

; a.phidivﬁyza. has been\'collected for a prolbnged period (3

yT.,. >80 generations). It is also the first time that lines - .

T

of A. aphidimyza from several different geographical
SN "’ . . areas have been collected and compo,red A;&mg from this =~

Lo study are the following or1g1na.1 contr:.butlons' . L

. WS,

4 -There is wide variation in séx ra.t.lo in 4. aphtdtmyza

< - from genera.uon to generanoxé, & sta.hle 8ex ra.'t.lo is an

important a.t.trlbute of lines used. for ma,ss-producuon SR

4

. * Maintaining an a,dequa.te sex ratio is a ma.aor problem in

- _ 5

establishing wild hnes.
" B.. There is a,‘wide range in fgéundity betwesen. 4. -

.. aphidimyza females, with some individuals laying »>200

8 - . . \
b

N . N “

edds. T T "
8. Diapause is. domiﬁ&n’o over nondiapause and is inherited in
accord wit.h elimination of paternal chromosomes. - )

1. Dmpa.use omented larvae have .a longer developmenta.l per:.od ‘

e

‘L, ‘ Y than pupa.uon omented larvae. h T

oo 2 < - . : .
* - N
B v . - N N
bt o~ Ll A
- N ' LN . . 1

xii
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*+ 8., There is an indication that liability to diapause &nd
development rate are 'related at the genetié 1evé1

9. Low 1nten81ty ra,dia.mon (<48uW/cm2) at nlght prevent.s. ©

diapause m A. aphzdtmyza. under cool, short d&y

: _‘condi't.iona that would otherwise induce 100% dia.p&use. This

"13 applied t.o unproving b:.ologice.l eontrol of a.phlds 1n
greenhouses during winter for the first time.

“10. A dphidimyza is able to control aphids in mldwun.er
~vgreonhouse crops” at relea.ae rates of 1:3 and l 10.

. 11. Previous work on t.he mtera.ct.ion bet.ween photopemod a.nd

‘ ’t.hermopemod in inducmg dla,pa.use, gnd the\ photOpérzedzc 4
termination of d1&pa.use was expanded upon.

12. A. aph.idirrgyza. egds and larvae are not a.ffe;:t;ed by

Safer’s Insecticidal Soap sprays. ,

13. An efﬁqmnt cade was developed for reamng A

iy

_Other Contributions: - ' . .

14. Green traps were found to -attract tertain aphid-parasitic ~

|- . ‘ 3 . - - .
Hymenoptera for the first time. T

~a

aphidimy=za, which. is now used by a 'cqmmercia.l insecta.ry:.'_
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1

8. Resulte of spraying eggs and larvae of 4.
aphidimyza with two concentrations (2, 20% AI) of

Bl.

* B2.

B3.

" B4,
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R  INTRODUCTION -
"Before enteriné gris'dua.te" schobl, I was a‘. greenhou;se
grower. I produced nursery plants in my- pmva.t,e buamess, al,nd
- bodd1n¢ pla.nts, tomatoes a.nd other yegstables at a .solar
~. ¢reenhouse research proaeot. where 1 ‘'worked. Aphids were often ’
& ssvere problem :m both gmnhousos, in a va,nety of crops.
Because I was using biological control agents a,ga.mat othezj
pests, I experimented with aphidophagous ingects go’l&' by
commercial 'inse?iaries. éom;inellids were . exp;nsive and
st.a.nveé. before aphids were eliminated; in three successive
- shipments of lacgwing egds, larvae emerged en route, and

-,

survivors of the ensuing cannibalism never hecame "e"’sta.blished.:' o
I collected 5yrph1d larvae from ,a.pl'nd colonies outdoors. .and
’ na.mve pa.ra.sluc Hymenoptera wers often found in the
greenhouse,-but néither had a significant impact on a.p‘hid
populations. After two seasons of unsatisfactory, 1a.b6r :
' ‘intensive control, suddenly, c;ver a 107_01&"? period in late
March, a eérious aphid infestation in the commercial /)r _ -
'green,house I was managing was 'elimiha.ted b:; tiny, orange ‘
maggots. Thus, béga.n@"my int‘roduoiion'to the apHid mid-ge, ! 3.
Aphidoletes dphidimyza. ¥ , : ' o o
Over the next two years, I became familiar with this
native aphid predator and developed simple field céuection,:
mj.rifxg and management methods fo;‘ local growers (Gilkeson\. a.m'i
Klein, 1981; Gilkeson a.nt;l Armstrong, ‘1983). Although control
’

of aphids with this predator was superior to other natural

. enemies I had tried, one problem remained. Larvae in the'
~ v Al

\grﬁ'ee/nhouse entered diapsuse during.November, and adults did

\ -
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genetic selection of 4. aphidimyza for nondia.pa.us{e under

not emerge until mid-March. Although e.ph:.d control was
excellent from spring through fall, aphid popula.t.ions were

unchecked during winter.

»

I decided.to address this problem for x:ny doctoral

-research. Because 4. aphidimyza 'was superior to other

_ epeca.ee of aphidophagous insects testéd, and was gaining wider

recognition emd use in’ qreenhouse industries a.round t.he world
(USSR, Finland, England the “Netherlands), I dec1ded to
concentrate on it, re.t.her than look:mg for another species.

+ The first Bection of this thesis describes research on
typical greenhouse winter conditions. Later, work on : ‘;
‘preVent.:mg d1a.pa.use w1th very low intensity hght at nlght is -
described. The final sect.lon dea.ls with practical a.pphca.tlon ’
of A. aphidimyza, in which diapsuse has been p_revent,ed, in
ﬁ'vinter .greenhouses. I | rlanned and executed all expérifnepps
described in this thesis.. . - B - )
Notation a.nd Style , . .

I“hevﬂe adoio’;.e_d the widely used notation for photoperiod ,
(Tauber and  Tauber, 1976; S8aunders, '1932) in which llz.ght:d‘e.rk'
cycles are designated LD, with hours of light followed by
hours of da.‘rk'nessld Thus, LD 8:16 describes a cycle of 8 h
light and 18 h darkness. A similar system is used for = - -
thermoperiod t.empera,turee, with de 21:150C designating a —

thermophese tempaera.ture of 21°C and cryopha.se of -

15°C In, ell experiments,’ unless otherwise sta.ted hours

+ of thermophase coincide with the light phe.se,, a.nd cryophase

coincides with the dark phase. - , . ..

1

~ . .y
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' . .Measurement of light 'intensity for low light. experiments

_wg.a" made in micro_—-w&tta— per cm? (uW/cm?) to conform . - . .}

w:.th mea.surements currently recommended for phot.openod T
. experlments (Phﬂog&nlé. ‘1982),, ‘and in lux (1x), so t.ha.t. ! “
. results could be compared wn‘.h t.hose m the earlier .' T .

‘literature. . . . | o -

. Style eonventlond followed were th(.ed given in the CBE o

style manua.l (1978),, and’ pubhshed by the Entomologlca.l N
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APHIDS AS PESTS ON GREENHOUSE CROPS
Aphids are among the worst pests in greenhouses (Miles

f” - .'a.nd M11es, 193“5 Hussey, et a.l 1969;; Hanan, et al., 1978).

1 ’ -~

They t.hrlve in the warm, hum:.d environment, in the a,bsence of
the large complex of natural enemies that control them
' outdoors. Aphids usually ' reproduce parthenogenetically all

. winter in a greenhouse, without a sexua.l generation, whioch
2 . <t &
would occur in the fall outdoors. Therefore, all aphids

1 )
Y -

present. are viviparous females and populations are capable of .

- expe.ndlng with astonishing speed (van Emden, et a.l., 1969;

- ' Hussey, et ax.lw 1969) L
. - The most oommon and destructive species is the green.

- Ve

ppa.cki aphid, Myzus persicae (Sulze'r),”which is

' B

”outste.nding in its wides’préa.d dis’t.ributidn' host plant ra.nge
- r

and its ability to tr*nsmlt. over 100 -virus dlsea.sea {Miles. .
a.nd Miles, 1935; vva.n Emden, et al., 1969; Hussey. et &1.,

1969; Dlxon, 1985) Heavy 1ni‘este,t10ns ‘of .M. perszoae ' .

e . ) ' ¢ ¢

dlst.ort lea..ves, buds a.nd terminal growth and reduce grow‘th

"

VY e fl‘hey a.lso excrete heavy depc_mit.s of honeydew, ‘which are..
e ‘j.’ N S  colonized- by sooty moulds (ctad;:qurium spp.). ‘This * )

* decreases the photosynt.heﬁc ares of lea.ves a.na ‘reduces
- ylelds and market value of fruit a.nd flowera -As & v1rus
l"‘ . vector in greenhouses, M. perswae is pa.rucule.rly
o Lo destructive to toma.t.oes, lettuce, thysa.nthemums and

P - carnations: (W?a.tt. 1968; H'a.ha.n, ot al., 1978). It is o

s -
' o

- o ser:.ous pest -on green peppers in the Netherlands (R&vensberg, i
. S e "2 et sal., 1985) a.nd Flnla.nd (Tiittanen, pers comm.l). '
T  Fecundity of M. persicae is_hlghest at 15-200C

’ ’ s *  (Barlow, 1982), 'yvhich is phe temperature range empioyad in

) l T ‘winter for most crops under'gla,ss. . . & "

B e



B s L B A

+ L)

-

‘ The other most important species found ain'-greenl}ouses are

13

3

the cotton aphid, Aphis gossypii Glover, which is &

serious pest of cﬁougxbers and melons, the rose aphid,

Macrosiphum rosae L:, found on greenhouse roses, the

potato aphid, Macrostphum euphordiae (ThOma\.s},' which
attacks a variety of vegef.gbf_’f and orna.ment.a.l crops, and the

mottled arum a.phid Autacorthum ctrocumSflexum Buckton, a

widespread pest in British greenhouses on arums,

chrysant.hemum, cyolamen and certain other ornamentals. (Hussey, .
et al., 1969). Many other species are also known to infest

greenlﬁouse crops, but are less important than those mentioned

above.

With, the development of resistance to pesticides,. control«e

of aphids has

orga.nophoaphorus pest.ic:.dea is a.lrea.dy wxdesp:‘ea.d (Wya.tt 1965.

& Lo

me increasingly diff;cu,lt. Res:.sta.nce to

Hanan, ot al., 19'78) and resistance. is mcreo.smg to the most

recently introduced pesncide, pirimicarb (van Lentorén, et

.

al., 1980) , Pesticide 1njury t.o ¢roenhouse crops, p&rucula.rly

young cucumber plants and some chrysanthemum oult.:wa.rs,
also & problem, since thorough, repeated a.pphca.uone are

necessary to control aphids,

1

-
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X, Tiittanen, Aaricﬁlt.ura.l 'Research Centre,

of Pest Inves‘t:i.'gation, Jokioine,rl". ‘Finland..
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TAXONOMY OF 4. APHIDIMYZA

192’7) ‘rh1r1>y—seven spec:xi'lc and 10 ienenc names of

Barnes (1929), most of wl';mh are now synonynms f or A

: a.phtdtmyza.

- . ) N .
©q

- rn

_'rhe Ttalian dipt,emst. Ronde,nl, first descrz.bed the aph:.d

‘mld:ge. Aphtdoletes apnzdtmyza, in 1847, Subsequenuy, over

- 30 Specles of e.phldOpha.gous Cecidomyiidae wene deaor:tbed

o B

.t bmod on mJ.nor morpholoaica.l differences a.nd a.ssocz&tmns of

) 1o,rva.e with different a.pmd species (Rﬁbsa.a.men, 1891, 1892, -

Kieffer, 1896; Coquillett.,‘ 1000; Pelt, . 1811, 19i2, 1914, 1018; |
Bagnall and. Ha.rrg.son, 1917s, 1917b, 19l7c; Tolg, 1921; Barnes,

¢

a.bludopha.gous nu.dces a.ra listed in a t.e.xonomm review by

4

[

A

After Niavelt 1984, - 1@55, 1987y .and Milne (1’9‘60) reviewed

a.dult. morphology and esta,bhshed the fact that aphid nudge
la.rva.e ﬁed on severa.l species of aphids, some of the )
ta.xonomc confusion was reduced. Nijvelt, however, laper
publi;shed s book on gall nmidges, which inciud‘e'd’ numerous
deacriptions of. aphidophagous specie;s."all ;ynonymo'us' with
A. aphidimyza (Ni.;welt. 1969) Detailed descripmonsw of

adult morphology wers prowded by Mamaava (1964; 198i), -and
deacupnons of four good species of giphmivq,rous m{dges w;vex'a
published by Hb.r,l"is (1966). Gagné (1971, 1973) revised the

Noo.rctic sépecies of a.phidopha.'goua Cecidomyiidae,’ deﬁning

. three zood species. Yuka.waa (1971) revised the Uapa.nese ga.ll

midges, and Grover (1979) revised Indian Cec1domyunae, Q
worldwide revision by Harris (1978) summarized dm-t.r‘xbution,
host ranges and biology for all known species: A
a.phﬁiimka, A. urticariae (Kieffer), A. ’thompson'i Mohn,

A. abietis (Kieffer) and. Monrnobremtia subterraned

i
-
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h Full classification of A. a.?htdzmyza, a.ecording to

.
A

“

(’Kieff;r). The first three .species are.. potentially useful as

N !
P N

biological control agents. -

Co e

‘Recently, using a transmission electron microscops, Dallai

A »

and Ma.zzini. {1980) established that character{stics of

| ceoldomnid sperma.tozoa., molud1ng that-of A. aphzdtmyza.,

could be used as uxonomn.c ohara.otariat.mm

McAlpine, st al. (1981) is as follows: order; Diptera.;
auborder, Nematocera; infra.order. Bibionomorpha., superfa.m:l.ly,
Scn.ro1dea, fa.mily,%Cecldomyildw, ‘subfamily, Cecmlomynna.e,
supertribe, Cecidomyiidi. No tribe - desizna.tion is used (Ga.gné,

197). .
GEOGRAPEICAL Dmmmmon 'OF A. APRIDIMYZA

A. aphidimyza is a common, holarctic species. Although .

it may have been indigenous to Eurcpe initially, it was -

pmbuﬁl:f spread globally by humans, on Plants, or in soil
(Harris, 1982). It has been récorded from Czechoslovakia,
'Aﬁhtri&, England and Wales, ftal.ly, Israel, Sudan, Canada, * .

Dnited States, USSR - (Gagne, 1971; Harris, 1973), Japan

(Yuke.wa.. 1971), Hawaii (Swezey, et al.,, 193l), Finland ~(o.s fa.x"(

n.orth as 68°N lat.) (Ma.rkkula., et al, 187%¢), EGth. :

-

(Aza.b ot a,l,m 19650. ,b), Poland (Olszak, 1979), Turkey (Uygun
e.nd ngur, 1980)," YuGOsla.v:La. (Simova-To#id and Vukov1d. 1980)

a.nd is , probably present in the People’s R.epubllc of Chma.

g -
-~
y &

(Q1u, pers comm.!), The only records for the sout.hern o

hemlaphere are from Chlle (Gagndé, 1971).

'Qiu, 8., Biological Control Laboratory, Beijing, P.R.C:

) H
. v
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‘larger and tinted orange.

\'virgin femasles can lay eoggs, albiet not viable ones (Bouchard,

- \ ,
. - ’
‘ "1
- .
- t- 9
N ' p
5
" -

)

s:tom OF .A umnnxru -

Information. :.n the fcllomng sect:.on is from detm.led
descx;ipuons pf biology and external morphology given in Davis

(1916), Robérti (1946), Milne (1960), Azab, et al. (1965a),

‘Hasris ' (1966, 1975), Mafkkidls, ot al. (1978c) and Bouchard, et

L

&l. (1981), as well. as fr‘dm my own research.

. \-
n'r

1 - . .

Adult A. aphidozetos are t;iny, fragile insects (2 mm T

long) with long. alender lpes (Flgura 1.). The sexes are

reo.chly distinguishable, without ma.gmﬁca.tj.on, by- their -

" differing antennal . morphology Ant.enna.e of males b.re longer

\a.nd curved b&ckwa.rd, with whorls of looped c1rcumf1lia. &t each

fla.gellomere (Qagned, 1973). Females have short.er. thicker

a.ntenna.e, without c1rcumf111a. Both sexes are predqmlqe.ntly

)da.rk, grey, howeve_r, 'g.he a.bdomen;' of oviposit:;_ns ferr_;qles are .

Y

' The 1life span of midges is short, males living only

. 3-8 d a.nd femasales 7 12 d. Feeding on honeydew incresases adult,

llfe span (Uygun, 19'71), t.he mfluenoe depending on both
source a.n;i quality of the holieydew (Wilbert, 1977). Exposure
to high temperatures and low humidity decreases life spans.

- Adults are nocturnal; during the day they rest under

leaves or in tall graes, where it is shaded and humid. Mating

-

and oviposition usually take place at dusk. Females must mate

v

to lay fertile egis, although, contrary to El Titi (1974b),

et al., 198l). Wood-Baker (1964) reported raedogenesis in A
phtdt'myza and severa.l Sov:.et a:uthors have apeculated on the

ex:lstence of parthsnogenesis (Gn_nchuk, 1974; Chubareva g,nd X

x

-

“y
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Koslova, 1980), however, no other.suthors have found evidence

of éither condition.
Reproduction is monogenic,,'tbus all offspring of a single .,
'female are the same sex (Sell, 1976). In many Cecitdomyiidae

and some other families of Dipt.efa,, monogenic reproduction is

associated with a pec.uli‘a.r chromosome cycle, in which paternal

' . chromosomes are eliminated during early cleavage, leaving ‘only

.maternally derived chromosomes in’ the germ lines. Thus, males

contribute genés to somatic, but not germ line, cells of
offspring and it is''the genetic constitution of females that
determines the sex of offspring (Metcalf, 19385; .
Geyer-Duszyriska, 1989, 1961; Crouse, 1960; Nicklas, 1960;
Panelius, 1;)71; Ullerich, 1973; Mori, et ‘al, 1879; Abbot} and -
Gerbi, 1981). With the exception of Grinchuk (1974) and
Chubareva and Koslova (1980), who investigated the morphology .
of rolytene chromosomes, no'a.na.lyses of A. aphidimyza -
éhro‘mc;soxr{es' or inheritance have been reported. My studies on
;Ihherita}hce» of diapause are reportéd in this thesis (pg. 116).
',Sex ratio in experimer}t:&l midge cultures has been given in

t.he'li;tera.turé as 1 male:l femalé (Sell, .1976), 1:1.7 (Uygun,

. 1971) and 1:2-3 (Ushchekov, 1978). In my.studies, however, sex
. ratio varied from generation to generation (1:0.6-6.0); in

some lines it wes 'so0 unstable that eventually only one sex

emerged. Such a shift to predominantly females was reported in
laboratory cultures by Bondarenko and Kozlova (1982), however,

in my cultures, a shift to pi'edomina.ritly males was equally

v

Females do not oviposit until 24 h after eclosion

(Pritchard, 1961), when eggs are laid among aphids on

\ . ~ !



A

unders1des of lea.ves F‘éma.les dl.st.mctly prefér to la.y oggs-
under low llght conditions (280 1x) rather téxa.n in bright
liqht (>1100 1x) or total darkness, and also prefer lowerc ’ p
lea.ves, probe.bly becausgse’ of the higher humidity (Ma,n.sour,
1976 1980) ‘Number of egds laid is nea.rly proporuonal to
aphid density (El Titi, 1972/73), and femo.les are able to find
';ac.aﬁla.ted aphid colonies quickly (Ushchekov, 19’75)1. Bl Titi:
(1974a), found that they were able to locate ohe infested plant

' among 78 aphid-free ones, however, if _a.ll plants vlvere equally
iﬁnfested, edge plants r:eceiv'ed more eggs than central plants
'(E]f Titi, 1972/73). How ,fer_r}a.les\ ‘loco,te arhide is not clear,
but, .a.ccording té‘ Bl Titi (1972/73; 1974b), a combination of

_» olfactory and tactile stimuli from la,phids, honeydew and
exuviae release oviposition in 4. aphidimyza. Some
differences in host plant preference have been shown (Mansour,
1973, 1880). Although [El Titi (1874b) swteql that aphid ‘

_ 8pecies di,d not seem to affect owviposition, ;Ia,*;elka and
RUZitka (1984) found that o*‘Jipositihg females showed 'a clear
prefdrence for Aphis Sfabae Sooﬁ:oli over three other "aphid
g species reared on broad beans, Vicia faba L. :

) Mea.n number of egds la.1d per female has been reported as
68-38 eggs, (Ushchekov, 1978), 70 egds (Uygun, 19'71) and 100 '
eggs (Harris, 1973), but environmental conditions were not
‘stated. According to a detailed study on effects of
envix"onmem; on oviposition, temperature had t;le greatest

‘ influénce, but photoperiod was‘ also imp'orta.nt (Bradovskaya, .

3

9'75) Under optimum conditions’ (16 h da.y, 2500) females
o
la.:Ld a mean of 109 edgs over 10 d. I obtained exa.ctly the same

results during my first tests of fecundity (17 h day,



. ‘ : : C L 14 -

’ 2100),-‘howeve‘r, a year . later, 'the‘ mean fdr 1;he sa.qte&i.ne
of A. aphidimyza had risen to 164 eggs per female ‘(s;.me
environmental conditions), poséibly because of improved larval i
nutrition. Nutrition of larvae has been shown to affect a.d'ult
fecundity (Uygun, 1975 Kuo, 1975, 1976/77, 1982; Havelka and
R&Zi¥ke, 1984; S§11, 1984b, 1988) and the quality of honeydew
a.va.ile.bie 0 ;b.dulm can also affect fecundity (Wilbert, 1977).
Egas -
R aphzdtmyza eggs a.re smooth, shiny and bright orange

(0 S x0. 1 mm wide). They- are laid singly or in.small gx‘oups
near aphids, a.nd occasionally on &phldB Le»rve.e ha.tch from the
anterior end of the egd in 2-3 d (81oC). Effects of ‘ '
temperature on development rates and lower threshold
tempera.n_ures for t‘agg (10.1eC), larval (4.309}\ and ‘
pupal (8.7C) stages ':vere investigated by Havelka

(1980a). " ’ o
Larvase

Larvae are 0.3 mm long at hatching and grow to '24-3 mm when

ready to pupate (Figure 1l.). They are typical dipterous
mea.ggots, elonga,t\ed and narrow "at each end with strong, hooked
‘Ixna.ndibles. Demiléd internal and external morphology of head
afid mouthparts are illustrated in Solinas (1968). Larval color
. 'rangee from pale orange to dark red, depending upon the prey.
Harris (i973) lists a host ‘ra.nge of 6l species of aphids, -
includinlgd sxltéh serious agricultiural pests as Aphis' Sfabae, A.
gqssy'Pii Glover, A. pomi De Geer, Brachycaudus’

Mtichrysi {Kaltenbach), Brevicoryne brassicae (L.),

Macrogiphum euphorbiae (Thomas), Mygus persicae '

5



: (Sulzer), Phorodon humutt (Schrank) a,nd Rhopatomphum '

'paczz (L.

i

Larvae develop in 7-14 d outdoors, dapending on

\ 'tempere.t.ure Although Uygun 1871) Bta.ﬁes tha.t. development

" took 3.8 d, at 2100, other authors. agree that .ce. 7 d are

a .

requ1red (Ha.velka., 19808., Boucha,rd et a.l o 1981) It is

genera.lly ‘agreed the.t. t,here are three larval 1nsta.rs, a.lthough

Aza.b, et al. r(1965&) report four. ‘ . \
Newly hatched larvae are -able to locats aphids from a

distance, over an ares of 2.7 cm2, mainly by olf&ction,

h a.lthough v:leon may play a part (Wilbert, 1972, 19'73, 1974).

They attack a.phlds by piercing a Jjoint in the integument, .

WA

‘uaua,lly on the leg, with their curved mandibles, They thén

inject an unknown toxin from the salivary glands that

< paralyzes aphids in a few minutes (Mayr, 19;75). Mayr (19'75)'

suggested that phencl-oxidase in the saliva may be involved,

however, the composition of this toxin has been studied by

* would account for- the ‘strong pa,re.ly;?.ing effect (Markkula, et

al., 19798c; Laurema, pers. comm.b).

’

The contents of aphids are diséolve’d within 10 min and

Tarvae then feed by extracting body fluids. Last instar larvae

drain a small aphid in a few minutes, taking up to 15-30 min

-

\ -

for a large one (Webster and Philips, 1912). After feeding,
: g \

only the desiccsted, empty husks remsain, often hanging from

stylets still_ embedcied in the leaf (Bombosch, .1988).

The number of aphids consumed by one le.rvg. depends( o

1 V. Laurems, University of Helsinki, Finland. = - ' ’

S T-

thin film chromatography and no compound has been found that




!

-

»

’

size, spec1es, and denszw of prey. Individual larva.e have
been reported to ea.t,, dunng their lives, 40-60 B. \
brassicae (George, 1987), 28 APhtS pomi (Ada.ms e,nd B

~ Prokopy, 1977b), 25 A. fabae, 28 smalI M. perswae, or
13 Acyrthosiphum ptsum (Ha.rr:ls) (Uysun, 1971). The ' °
dlfﬁculty in a.ssessmg consumption by counting ‘aphids is shown
by Ra.worth (1984), who found predation was random with respect °

to ‘aphid 1nsta.r, a.nd t.hat. total . weight o“f aphids oonsumed was

<
1

rela.twelx constent (oa. 2.14 me).

An extremely. important charscteristic of ‘A. aphidimyza
i, ’ ’

is their density dependent preda.tion’ Jbehavior, which is often

c;verlobked when assessing potentia.lﬁ predacity.’ When sphids .
a.re abundant, larvee kill ma,;w more tha.n *t.hey can eat (Ba.rnes,
1929, Dunn, 1949;- Uygun, 1971) The number of a,phlds a.tta,cked

is proporuona.l to the 1oga.r1thm .of prey density (Uygun,

1971). Aphids may be unea,ten, or only partiaslly consumed,

‘before larvae select another wvictim (Uygun, 1971). When 'a:phids

are scarce, however,,one larve can survive and pupate on as

few as 7 M. persicae (Nijvelt, 1966 Uygun, 1971). i
Durmg severe food shorta.ges, young larvae are able to
survives without food for 2 4, lest inster larvae for 7 d
(Uygun, 1971). While searching for pre'y,.however,‘ they resort
10 cannibalism of sma.lle_r larvae (Azab, et, al,, 19658‘)‘ a.nc_i
edgs. Larvae feed on aphids killed by. cold, \ but larval |

development is prolonged and adult fecundity decreases -.(38ell,

,1984b). They also attack scales of the greenhouse whitefly,

Triizlpurodes vaporariorum Westwood, (Ushchiekov, 1978;

Pavlyushin, et al., 1982) and eggs of ,two-spotted spider mipe,‘

| Tetranychus urticae Koch, but it is doubtful whether they .
A - . -

. '5‘.



i en g ey ek 4

Qe . ° - ‘. R . N ‘
- ' ’,\,‘ ) ) ‘ v 7e ) i o 17

- ' S B .
. + -

) can survive to maturity on these Prey. La.rvae co%bu.uge “more
< e

[
)

a.pluds under cool conditions (1500) (Uygun, 19'71) and
under dry condn.mns ( 56% relative humidrby, RH) (Me.yr, 19'73),

’ but are most. active when ‘relative Kumidity is hlghés'b (P90%.
e .-

RH) (Ma.yr, 198). - - g T

‘(\Kuo (1978, 19'76/'7'7, 1982) .found that type of hast plemt
efnd nutmuan of aphids “eaten by larvse a.ffects both feound:.t.x’
-e.nd loncenty of a.dults,. as well a8 larval and' adult we:.ghts
La.nd. preda.tion beha.vmr D»i.fferent specneu of ' a.ph:.ds reared on J
“the ‘same host p’.la.nts also a.ffect. la.rval davalopment. a.nd a,dult

fecundity (Ha.velka and Ruéiéka.. 1984)./

3 >
a 3 i

..’ y
K - - s . * T
N B N . Yot N \

LT N -

When 1arva.e a.m rea.dy to pupat.e, they lea.ve the plant, -

*\\
«

u,sua.lly by "Jump:.ng" (M11ne, 1960, Osmers a.nd w:.lbert, 19'79),

and burrow . 5-5.0 om into ‘the soxl w spin cocoons (hgure o
4 )
2) They - ma.y pupa.ta on lea.ves. part.icula,rly when there are

- many a.phid hupks a.nd exuv1a.e present to. cover. éccoons
Pupa.uon beglnsv within 2-4'd-of spmnmg the cocoon;
descript.'io;xé of pupal developy ent are given by Aza.b, et al
(1968a) and Bouchard, et. al. 1981) The grea.test. number of.
pupae survive in moist pupation substra.teg, with hlgh ,rela.‘t.:.ye:
humidity (80-~90%) (Ushchekov, 1878).

Pupa.uon la.ets 11 15 d (2100) Ma.les t.end to emerge a

s

da.y or t.wo _sooner -than females, and most, ecloslon t.a.kes pla,ce

-

at dusk. Pupa.e work tben‘ way to. the surfa.ce shortly before

.

L
. ec1081on, a.nd adults emerge head fifst from the spht pupa.l

cage. B T - S s
o . ‘ ﬂ:; . J' ) .a‘
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Diapause

In most temperate areas, there are 3-8 generations of 4.

aphtdimyza in the summer. The last generation in fall

diapauses as & prepupal larva in czcoon (Figure 2.); pupation

LI

takes place in the spring. Diapsuse induction occurs during
the laryal period, the degree ‘of response being modulated by ’

both photoperiod and temperature (Havelka, 1980b,c). In gthe

laboratory, all larvae diapause under LD 8:16 and TC
28:100C (Forsberg, 1979). A difference of 1.5 h in

critical daylength for diapause induction was obseryed in two

populations from different geographical areas of the USSR

(Havelka, igsob). Because diapause is facultative, a

photoperiod regime of LD 16:8 (21°C) prevents diapause in -

laboratory cultures (El Titi, "1972'/’75). however, with lines .

originsting 'in Canada, 1 found that a regime of LD 17:7
(21°oC) was necessary to prevent diapause. Digpa.ua‘e m
experimental populations can be terminated. by -photoperiod
alone, without ochilling (Havelka, 1980b), ‘
NATURAL ENEMIES OF A. ‘A.Pm'DIMYZJl

4. aphidimyza has few natural enemies. Voukasovich
(1928) recorded a hymeriqpt.erous parasite, Synoreas rhanis
Walker (Proctotr}ipoidea.), and Ha.n:ig (1973) mentions an ,

3
< o - “
a single, female, Gastrancistrus sp. (Pteromalidae) from a

larva collected in Quebec. Three other cocoons~from the sampe

site, containing parasitic wasp’ remains, were also observed.

fortuitous parasitism. Under laboratory conditions, I observed

that lacewing larvae, Chrysopa spp., collected from wild
3 ’ :

20

unknown apecies of_Bra.oonida.e emerging from a _,cocdon.’ I rea.reé

'~ Because endoparasites appear to be rare, these may be .cases of.

°
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aphid ‘colonies, distinctly preferred A. aphidimyza la.rvae

over a.ph1da, therefore, 1t is hkely that they feed on midge

la,rva.e in t.he field. COccmelhd b,rva.e in the same test

. preferred aphids over midge larves: .. -

Perhaps a more impomﬁt". enemy ‘ under greenhouse conditions

is the parasitic funcua, Entomophthora apwutata (Tha.xter)
. M. Gu"oa.fsson, which ha.a been observed a.tta.clnng A. :

\

- \ aphtdﬂ’!ﬂ?'x larva.e m Finland (Ka,nluoto. 1982). A ‘closely
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"APPLICATION OF .A. APHIDIMYZA TO BIOLOGICAL CONTROL

P

Value as Natural Preda.t.ar L ‘

In numerous studies of natural predator-prey systems, it
ha.:; been shown ‘that 4. aphidimyza is the most effective '
native preda.t.or of A. pomt in orchards (Ross, 191'7
Roma.ud:.bre, et al.,, 1973; Ada.ms and Prokopy, x19'7"7a., 19‘7"rb, -
1980, Olsza.k 19'79, Boucha.rd et al., 1982, Tra.cewek:., et al.,
1984), of B. bra.sswae on cole orops (Ha.fez, 1961,

Polla.rd 1969; R&worth, et al., 1984) and various other .aphid

T ppecies (Da.vxs, 1916, ’Aza.b et al., 1968b; Harris, 1973; oo

, Whalon and Elsner, 1982, Lugovn.syna. a.nd Potemkina., 1983)

Reoent.ly, its role in suppressing a.phlds in gram crops has

’ / LI

.. ®
. been stud;ed (Berest, 1981);, Fougeroux, 1984). .. - 1ty

-
AV

counted curately in the field (Harris, 1973).

. Irr 1916 .Davis coneluded tha.t. A. a.phtdtmyza wa.s 8

' potenua.lly va.lua.ble b1olog1ca.1 control a.gent -for a.pluda but’

a.pplied reaea.rch wa.a not oonducted unul over 80 yea.rs la.ter

It ;s possible that the va.lue of cec1domy11d larvae as .

-

predators of aphids was not fully appreciated until recently

becausé egds and larvae are in¢onspicuous and cannot be

o

Basic et.udles in larval predacity and host f1nd1ng abllity

.of A, aphidimyza larvae and adults were 'ce.rrled out in the )

/

Federal Rei:ublic of Germany during the early 1970’s (ie.,
Uygun, 1971; Bl Titi, 1972/73, 1974a, 1974b; Wilbert, 1972,
1973, 1974; Ma.qéour, 1978; Sell, 1978; Kuo, i9’75). Despite
.r'e’serva.t.iona 'a,bout\production methods, Mayr (1973) concluded
that effective control of a.phidg in greenhouses was possible

with 4. aphidimyr:a., but litth applied regga.rch has been

-

¢
%
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: publmhod in Germ.any until. reeently (Kuo, 1982; Sell, 1984a,b, )

Greenhouss Application S o § .
Practical ‘ application in greenhouse crops has been

extensively investigated in the Soviet Union and Finland. In°

the Soviet Union, emphasis is on control of A. gossypii on

‘ououmber plants (Asyskin, 1977; Bondarenko, 1975, Ushchelov,

1978, 1977; Adashkevich, 1975; Bondarenko and Moiseev, 1978;

Storozhkov, st al., 1981). In Finland, research 'ia directed

toward control of M. pormcae on Peppers and toma.toes, and

i

Maorosiphum rosae (L) a.nd M. euphorbzae on rqses
(Ma.rkkula, 1973, 19'78; Marklkula and Tiittanen, 19'7'7;{ 1980;
Markkula, et al., 1979c). A a.phtdtmyza. pupa.:a have been

sold commercgially t.o Finnmh rowers since 19'78,,when 70,
growgra applied ¢ over 100,000 pupa.e to crops (Ma.rkkulef and
Tiittanen, 1980). Studies have been conducted in Denmark
(Hansen, 1980), Norway (ﬁofsvgng and H&(,gva.r, 1982) and in' the

Netl’ienla.nds (van Lenteren, et al., 19880),. wtiere midge pupae

.have been sold to growers since 1880 (Ramakers, pers.

comm.').

Although a 1978 report to the Research Branch of

- Agriculture Canada recommended testing 4. aphidimyza in

Canadian greenhouses (Borden, e%, al., 1978), ti’xey have only

{

been used on s small scale, or’ experimentsally, in Canade

(Gilkeson and Klein, 1981). Pupae have been available in -

Canadsa since 1983 from two commercial insectaries (Apphed.

- —— - " o o - —— o — v S L o o oo v T e v he m . v

P.J.M. Ramakers, Glasshouse Crops Research and

Experix;xent.a.l Station, Naaldwijk, the Netherlands.

~

~
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Bio~-Romics, Ltd., Sydney, ‘ B.C.; Better Yield Inasects,

Tecumseh, Ont,aril‘o). A few trials have been conducted in _the
United Stanes (Armstrong, 1983;. Olkowaki, et al., 1883;"
‘Mea.dows, et al 1986), but no insectaries there supply midge>
pupa,e at this time. -
M&ia-’-produm;ion

Ma.ss production methods have been developed a.nd refined
using M. persicas on green pepper plants as prey
(Bondarenko and Asyakin, 1975; Mairkkul& -and Tiittanen, 1976a;
'Bimpil..&inen, 1980). ‘Neither larvae m;r ad}zlts are suitable for
shipping, but pupsas survfi.ve h:e.ndliné very :well (Asyakin, 1977;
Markkula ;a\,nd Tiittanen, 1977), eapecially Qwhen‘ seht in moist
peat moss (Markkula, et al., 1979b). ;Prolonged cold stor;a,ge of
diapausing larvae promises to make mass-production more
economlcf,l (Forsberg, 1980; Havelka, 1980b), but more resea.roh : ,'
is needed to develop reha.ble storagde methods, Accumula.uon of

pupae in layers of cloth around the base of plants (Lukin, et

al., 1983) 'or automatic collection of mature larvae in running

“water a8 they leave plants to pupate (van Leiburg and

ﬁam&kem, 1984) decrease rearing costs.
Reloass Ratés and Methods

Severa.l ways of mtroduclng A. aphtdtmyza hewe been -
invesuga.t,ed including attractirig native popula.tlonq 1nt.o
greenhouses using flowering plants and honey as lures
(Ushchekov, 1977), saturating surrounding aress with massive
releases of midges to .esta.blish permanent p:ppule.tions, which
then enter gresnhouses (Bondarenko, 1975), and accumulating

midges directly in cucumber 'grq‘pnhoﬁsas on “hanker” plimts

\P(Bond'a.ren‘lio and Moiseev, 1978). In the latter -case, broad

\ : .

0 * . N
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beans were used, infested with 4. ptsum, or other a;phid

species not infeht.ing ’ cucumbers. .
The most predict&bie control is achieved by releasing a

known quantityrof ‘ pup?.e, based o'n aphid densi‘py or greenhouse

floor area, at ‘r;éular intervals. Relatively low release rates

(1 pups:200 aphids) kept 4. gossypii below economic injury,"

level, when 2-3 releases, 7-10 d‘a.pa.rt were useéi, (Ushchekfw,

1978). Higher release rates, such as 1:20 or 1:40 (Ushchekov, -

1978; Storozhkov, et al., 1981), and in some cases 1:1 or 1:4

(Asyakin, 1877), were necessary for eradication of aphids. “To .

~

© control M. - ?ez;sicaeeon peppers in Finnish greenhouses,

r_elea'ses of 1:3 or 2-5 pupas ‘per m? are recommendesd
(Markkula and Tiittanen, 1977; Markkula, 1978). In p,ra.ctice',.
growérs seldom use moré than one relea.ée in -early spl:ing,
;.lthough a second release ‘n}a.if be necessary after two weeks

(Tiittanen, pers. comm.). Scopes (1982) :eporia.that three

- introductions, one week apart, of eight pupad per m2,

cont.folled A. gossyz;ii on 'cucufmb\er, which is twice as many

as recommended by Bondarenko and Moiseev (1978): .Discrewancies

in release rates may be accounted for by differences in mean

temperatures,’ and by the fact that overwintered midge )

ropulations contribute a‘x:x unknown amount to aphid control ( the
- 3 q

f ollowing spring.
L

Finnish growers, most of whom ¢go not grow crops in

" midwinter, take advantage of permanent populations

overwintering Im soil (Markkula and Tiittanen, 197'7).‘ For .

other growers, such as those in Norway, the disappearance of

the aphid predators ag they enter diapause in late fall is a

di'ae.dva.nta.ga (Hofsvang .- and Hagv&r, 1982). This 15 also a

s
o,
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problem m Ca.na.da,, where most- grow'rs produce crops yea.r-round

(Gﬂkeson a.nd Klein, 1981).
Integration with Pesucldes

* The effect of pesticides on A. aphidimyza has beesn

. studled to f1nd\ ma.t,ema.ls compa.uble with the use of mdgea in

*integra.t.ed control programs for greenhouaes, orcha.rds, and

other crops A wide range of pest.lcldes have been tested -
(Markkula and Tiittanen, 1976b; Max‘kkula, et al., 1979a;
Warner, and Créft, i§62; Whalon and Elsner, 1982; ,Séll, 1978,

'1984a,b{ 1988; David and Horsburgh, 1985)' and it has been

found theat most fdngicidea and sacaricides, and some
1nsect1c1des, ha.ve little effect on A. aphtdzmyza Thls ' ,
me,y be beca.use larva,e have an a.cuve defense Bystem, exuding a

fluid that wets the surface of the bo 1n response to

irritation, such as’ poison particles (Ushchekov, 1975). S ‘.

Some resistance to orchard chemicals was found in

»

populations from cultivated qrcha.rda (Adams and Prokopy,

o

1977b; Warner and Créft,’ 1982)'.‘Moore (1976) provides a spray
schedule that can be intedrated with 4. aphidimyza use in
orchards; Tabashnik and Croft (1985) have published a model

for predicting aquisition of pesticide reo;stancq' among apple

" pests and benseficial insects, including 4. arhidimyza.

,’Otl{er work has been conducted on effects of pyrethroid

compounds (Sukhoruchenko, et al., 1981), and insect juvenile
hormones (El-Gayar, 1976), and I have investigated the effect

of insecticidal soap on A. aphidimyza (pg. 203)..



. SUITABILITY OF A. APHIDIMYZA FOR BIOLOGICAL

CONTROL IN GREENHOUSES ’
3&89& on my work, and the literature cited in the

. previous review, the following advantages of using A.

:aphidimyza to control aphids in greenhouse crops are

apparent.

1) Number of aphids killed by each larva increases with aphid

density. Unlike coccinellids, they kill many more aphids

27

than they eat when arhids are plentiful, yet can survive on

very few aphids if necessary.

2) Adult midges are able to locate ﬁsole-tpd foci of gphid

infestation, even ,in large greenhouses.
3) Larvae feed on all species of aphids found in glasshouses,

and are exclusively aphidophagous. ,

b

" 4) Unlike Chrysopa spp., larvae are not cannibalistic, o

» except when. in a state of extreme starvation.
8) Permanent populations can be established in greenhouses,

even in those not heated during winter.

Al

8) Mass production is:easy and possible under a wide range of

conditions.

7> Pupae stored in peat moss withéta.nd shipping and handling

]

well. . . ' . N

~

cold-storage of, diapausing larvae is possible.
. . L]

9) Unlike parasitic Hymenoptera, midges can control a.phids(

.under c¢ool, winter grgenhouse conditions.

10) Use of A. aphidimyza can be integrated with insecticidal

soap sprays, most fungicides, acaricides and selected other

gresntouse - chemicals.

;

8) Short term\ cold-storage of nondispausing pupae and loné .term
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The mein disadvantage of A. aphidimyza as »
biological control agent in Canadian greenhouses is that
'lo.x"va.e dia.pa,tjlse in responss to short daylexiagths in t.l?;e fall,
ovenl in a greenhouse, and do not emerge again wuntil spring.
This’ is the ocentral problem addressed in my research.
R;latively low feo\‘zndit.f has. been cited as a disa.dvanta.g.e
(Harris, 1982), however, this is mitigated by the functional
response of larvee to :h'igh aphid densities. Synchronization
of generé.tionga after one release in a greenhouse may also
yose & problem, but’' this can be solved by successive

releases. * ) ' !

oy~

e
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DIAPAUSE mucnonmmsxcrs SR R
Dle,pe.use has evolved A8 an escape from un.fa.vora,ble ’
énvzronmenta.l conditions (Dxngle, 1978). Once thought to be a
. state of complete rhysiological rest, diapause is now known to - :,-
be & genetically controlled state of low metabolic activity.
During diapause, moryhogenesis ceaéés. but physiblogica.l
development cofitinues in preparation i.’or subsequent active
rhases. Unlike quiescence, or other 'semidormant states ty'l}a;'t’,
oceur. in immediate response to adverse conditions,
physioiogic&l prelc;a,;'a.tions for diapause are made in advance,
in response to environmental cues that signa.l a change in
‘seasons (Mansingh, 1971; Ta.ﬁber, et al., 1984). Induction o?
: diap&usé by the interaction ,of ssveral environmental and
rhysiological factors assures synchronization of 1nsect, life
ata.gea with the geasons for whlch they are a.dapted
(Danilevskil, 1968). Therefore, in tempera.te and nortl:xern
latitudes, where dreat seasonal dift_’erenoes in climate occur,
diapause is an importa.ht aspect of n 'an' insect,‘ls ecology.
Diapause, which may be facultative or oﬁliéatory, varies in
intenaj.\ty and duration, a.;}d occurs 1n egg, larval, pupal or
adult stages, depending on apeciés. The “diq.pa.x;se syndrome”
(Tauber et al., 1984), has been reviewed by Andfewarth& !
(1932), Masaki (1961), de Wilde (1962), Danilevskil (1968),
Lees (1968), Dipgle (1978), Beck (1980) and Saunders (1982).
The phlysiology’ of die?,pausa has been reviewed by Lees (1986),
Harvey (‘1962), Beck (1963), end Chippendale (1977); Mansingh
. (1971) outlines a classification system for diapause based on

physiological differences.

[N
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 Rale of Photoperiod l
" Photoperiod is generally oréga,rded a8 the most important .
environmental fact.,or influencing diapause indxﬂxct.ion_. . ‘ Do
‘Photoperiqd changes w1.th season and latitude, but it. is : .
" predictable from year to year in the same locality, thus,- it
is & '"'noise-free" ind;ica.t;or of seasons (Ssundeérs, 1982). Most
| ‘te,mpera.te zone in;secté grow ;.nd reproduce during the 1 g days .
" ‘of summer, and respond to decreasing fall daylengths by\:
pz:eparing to diapause. This "long day" photoperiodic reapon
is the most common," bl‘l‘b there are species, with "short day"

’

responses, ‘that diapause in summer and are-active from fall to

’

spring. Some exceptional speciea diapsuse in summer and , ;n-»

winter, and have both types of photoperiodic response ' = .
i

(Danilevsit], 1965; Saunders, 1982). B '

-

An important concept is that of critical photoperiod,

[

"which is the photoperiodic regime that induces 350% of .
individuals in & population to diapasuse (Lees, 1956). For a

particular species in a given locality, ther’s is usually & T

¢

well defingd critical daylength . that marks a shift in most _of -
the population érom lcllia.pause 1o nondiapause (‘De,nilevskﬂ,

'1965). In a few species, a differende of 10-15 min in A

AR

‘daylength around the critical photoperiod is enough to shift
'most of the population from one developmental track to the

other. In most, however, & change of one hour is necessary to
‘p r

effect this shift (Saunders, 1982). . ) -,
Ir; many species, the photoperiodic response actually .

' 't;lepends upon\_ohanges-in night._ 1ehgth, “rla.ther than daylength

"(Lees, 1968; Beck, 16980). Thus, breaking up long nights, with

- light pulses at critical periods, prevents diapause in épecies

¢
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such as the t.urm.p sawfly, Athalia z‘osae L. (Sé.rl.nger, RN
1983), and the Indian meal: moth; Plodia mterpuncteua . 4

‘Hubner (Kikukawa, and M&S&kl, 1984). Da.ylength is 1mpor1.ant. N

however, for if it is too short, the dark pha,se becomeg

“ineffective as a signal-(Less, 1968; Beok, 1980). This was' . , . -

~ - \,

shown in P, mtarpunctetta, 1n whmh full expresslon of

° «

the dia.pa.uee response depends on both & minimum da.ylength a.nd
s minimum night. length (Kikuka.wa. a.nd Masaki, 1984)

The concept of- cnmca.l photopenod is based on the

v -

assumption th&t the insect’s. receptor ‘system raa.ct:s to

absolute da,ylength va,ther than to progressively incree.smg or

\

deoremng da.11y changes in photopenod (Beck, 1980) Thz.s
aaaumption is probably valid' fox: spgcms with short
pliot.o‘éerisitiva stages (de Wilde, 1962).' In others, such as
univqltine species with prolon‘ggi phbt.osensilt:ive - stLagdes, -"thqre

is no characteristic critical’ photoperiod threshold, and it is

the ‘direction of éhanging daylength that becomes important

(Danilevsil, 1965; Tauber and Tauber, 1970; Beck, 1980).

In most species, photosensitivity is limited(' to one, or &

few, instars, and does not encompass the entire life cycle (de

‘

leaillde, 1962). When the sensitive stage is limited to one
:'Ensta.r, only a few photoperigd .cycles may be neces;se,ry to fix
t',he develc;pmental pa.thwa.ym'Photoperiod_s that promote érowth -
a:nd a.cpivir.y, rather than diapause, tend to override effects
of di'apa.use inducing photoperiods; a few long days at the end

of the sensitive stage. may ,ca.ncel the effect of earlier short

days ‘(Dickson,  1948). e

In some insects, the duration of the photosensitive - period .

and the number of short day ¢ycles necessary to induce C

.
1

H]
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’,,diepa.uee, are eeperet.e factors. This was demonstrated in the 4

ﬂeeh fly, :'Sarcopha.ga argyrostoma (Roblneeu-Desvmdy), by

i} a.rt.lflcia.lly prolonging and shortening the larval

L

(pho‘cosensi’t.we) 'period. A higher incidence of dlaﬁauee o
ocourred in larvae with prolonged development. perioda, beca.uae
they experienced more short da.y, digpause inducing, cycles,

‘ t.he.n did larvae with shorter development periods (Sa.unders, '

It is important to distinguish between- photoperiodic

:mducuon, wluch 15 e reversible procees oecurring during

eeneitive stages, e.nd the-. photoperiocho response, whmh is the

‘reect.ion within the insect ending in diapause (de Wﬁde,

1962). Sensitive etege .and responerve stage are uzua.lly N

X different. md may be widely sepa.re.ted For exa.mple, egds e.nd
young lervee of the vine tortricid, Polychrostis botrana
(échiffér:dueller), are photoe‘eoeit.ive, but dia.pa.\uee ocours in
the pupal .sta.ge (Lees, 1968). A more extreme example of ‘th}s
‘separation ie maternal inducti.on of diapause, irf which

environmental stimuli experiex%eed by a female infliences -the’

. . 4 A
developmental pathway of offapring (Bir&;,’-g 1987).

o

32,
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Role of Light Quality .

'h . In o.dt%ition to photoperiod, light intensity and spectral
;quality are involved in' the photoperiodic induction of )
diapa.\;ée. Early work on domestic silkworm, Bombyx mori

. (L.), showed that both eggs and_.larvas responded to light
levels of 01-0.8 lx (Kogure, 1933). Harvey (1957) noted that
low light intensity resulted in & higher dia.pa.uae 1nc1dence in
gsome lines of the spu@ budworm, C'homs::«qneura fumzforana
(Clemens) Subsequent data from various expemments suggeat ?
T.ha.z,T intensity thresholds for photoperiodic dla.pa.use response

'a.re a.s low as 0025—250 1z in many maects (de Wilde, 1962;
Lees, 1968; SQunders,‘ 1982). The intensity th.reshold is
usua.lly high;n than moon light (0.04-0.28 uW/cmz2, “or
0 1~0.7 1x), while being below that of a.va.ila.ble light g.t.
sunrise’ and ‘sunset (de Wilde, 1962; Saunders, 1978b, 1982)

- Thess ‘thres,holds are not symmetric, as shown by Ta.kedg. and

Mesaki (1979), who found tl'_x’a.f. dawn thresholds (1 lx) were

lower than at dusk (10 1lx) in fall webworm, Hyphantria
. . . > - ]

cunea Drury. A similar asymmetry occurs in the parasitic

< wWasp, Nasom.a vitripennts (Wa.lker) (Se:undera, 19751:))

- Thes™ thresholds occur a.ppro:mn%.tefy 40 mxn’ before sunrise and

oo

20 min a.fter sunset? thus, for practical purposes, effecuve
photoperiod can be oa.lcul&ted by adding penoda for civil '.
twilight to the hours from sunrife to sunset. A
mwmination of light intensities and spectra actually
gxperienced by insects is complicated by the fact that ligﬁt
must pene“t.rg.te head capsule cuticles '(a.nd cocoons of pupsating

sta.ges) to rqa.ch receptors in the brain. In the oak -silkworm,

An'bheraoa pernyz Guerin-Meneville, <0.3% of the light
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\st.rikinz the cocoon exterior re'a\f:hes the brain ’(Wi}u&m;;', e_"t’,'*
al., 1968). For qucies pupating in soil or b&rrowix:xg ’inf i
fruit, light 1nten31ty is further reduced and apect.ra.l qua.ln.y
smmﬁca.ntly altered in their ha.blt.a.t. (Saunders, 1982) For
larvae of the Oriental fruit moth, Grapholitha motestq ‘
(Busck), inside afpples, Dickson (1949) found-that an intensity .-
of 32 lx, striking an a.pple surface, affeotgc} diapa.use . -
induction. - Later measurements of lighy 1eve:15 inside a.pples ,
showed that 32 lx 'on ‘he ’ou‘t.‘side deolines to 1.2 1x at the
interface of core and pulp (Prokopy, 1968)

Spectral quality of light is import.a.nt m. dmpa.use
induction because mosv species of insects are sens:.t:.ve to
* blue light, from 365 nm near ultraviolet (UV) to 500 nm blue :

¢reen, but not to longder wo,velengths (de Wilde, 1962, Lees,
1968; Sa.undera, 1982) This is -shown in the eabba.ee whn.e, >

k4
Pieris bragsicae (L.), 1;? which UV, green and yellow licht N
spectra had the same offect as whlte hzht. in mducung )
diapause, but red had no effect {Vuilla.ume, et al., 1974). In
a relo.t,ed species, Artogeia rapac (L.), cha.p&use was

a.verted under long day, high UV cond;ﬁons, but 10 30%
diapause occurred” when low UV was used with ‘the same
photoperiod, (’I’hom's Qndv'Phﬂogéne,. 1979). Although most insects - |

;de'tect only blue light,'a few specles respond to red light

%, . .
» (>600 nm) (S8aunders,” 1982). ‘Fourteen hours of red light (640

nm) induced 5% diapause in }he pink bollworm, Pectinophora
gossypietla Saunders, wherga.s 12 'h (620 nm) in‘d(uced 98% "
dia.pa.use, showing that la.rva.e oould datect, t.he difference in
length of light periods (Pit.tendrich, et a.l 19‘70) sim:.la.r

results were obta.ined wn.h N. mtmponms (Sa.undera,
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1982) It. is, poaszbla .tha.ﬁ 1nfra.red gIR) ra.d:a.f.zon a.lso pla.ys

s role m dxa.pause 1nducnon, sm.ce 1',t. penex.ra.teq lea.ves,

‘ vegetax.iot:%ioil, water.’ vhpour in, the air and some wood .

N «

(Cavlla-ha.n. 1965) , Coe S

¢
.

Mpo,surament of ﬂluminance in lux_is ba,sed én the speatral

Co

aenai‘t.ivity of t.he human eye o.nd is not & mea.aurament o:r to‘e.&l

kS . v,

. enerxy. or irmd;la.noeg whieh- is ‘measured in wa.t.u/mz .
) (W/m2) The t.wo meaaurnment.s can only be equa.ted at, .
Wa,velangfhs of 400-700 .nm (dse.. W1lde. “1962) Boc&uae maecus
> ‘may respond to apect.ra. outside thia range, it is prpfera.ble 10 | | ‘

moa.sure irrp.dla.nce in :mdt.ansity experiments (Phdlozéne, 1982)

ik Jis mpomm, in experiments’ using h:rtiﬁcial lighting,, , °

Ve
beca.use light sources d1ffer m spec't.rum and mtenaxt.y

w

Rol.ootf'l'hmoperioda-nd'rammmm ‘H.”':;l
The role of ther&nopenod in d:.ap&use mduction. X recem.ly

-

rev:.ewed by Beck' (1983), is usu;.uy aubordma.te to a.nd v

od;.ﬁe:.\ h,xf. of, photoperlod A da.lly tempera.ture cycle,

.

howeVer, in the &bsen&e of a.\hght cyole, can slmuia.t.e the-
o

erfeot of photoperi in a.nducmg ox‘ pravantmg dm use m .
F"f‘ ,

o b s

severa.l species (Sa.undars, 1973,. 1982, tBeck, 1982, 1983).‘

'.J

1,

!
A
IS N LN

Jl'hermppenodic control of d;a.pauae hM boen dqmomtra.‘bed ln .

(Ohlpponda.le, et a.l., 19'76). the pitcher .plant mosquito, »
Nyeomm smﬂ;hu Coqu:.llett (Bradshaw, 1980), Piéris ‘
; brasque (Dumortier and Brunnarius, 1981), Plodia o
intorzfu;z;:telta (Masski and Kilkukaws, 1981)" and the European”
cern borer, ostrinia nubztalts (Hibner) (Beck ].982) “/"f \
Photoperlod effoct.s on d.iq»pa-uu are usua.lly mter;slﬁod C

when the cool phase of a thermoperiod coincides with . : :

" I\

ot
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o

scotophase, and a,re reduced when the warm rhase coincides: wzth
scotopha.ae (Roa.oh anhd Adkisson, 1970, Gibbe, 1878; Beck, 1980, "J

1983%). The effect of. temper&.ture on thermopermdic v

» o
' dqtermnation of d1a-pe.use is quite complex, but nlght . ~

- 19857). In most msects, decreases 4in temperature tend to

i i . . .
tempera.turas appresr to be ‘more important than day temperatures

(Sa.undera. 1982; Beck, 1983), &lt.hough thermoperiod 1t.self is

\

also important. In O.  nubtlalis, dla.pa,use mcidenee

depends on durstion of the cryophe.se below a thermomriodm

response t.hreshold tempera.ture of 17 8oC (Beok, 1882),

-and this type of rqsponse may be true of other species

(Sa-unders,1983). The diapause threshold temperature was shown .
f.p be ssparste from development rate in 0. rnubilalis, by

- b

reering larvae under LD 12:12 a,nd mean temperature of
20oC (TC 10:300C), w!nch resul‘ced in 99% dle.pa.use, \
and compe.red to rearing t.hem under constant 20°C, whmh
resulted in only 5% dlapause (Beck, 1882). Further
1r:ve3nga.t,10n of temperature threshold effecm on diapause in
thm species showed tha.t mdu\otmn of diapause was strongly
influenced by éryopha.se temperatures below '17.5°C, when
thermophase temperstures were relatively high, but was
influenéed‘ by thermophase temperatures when c"ryoptia_se
texpperaturss were near O0°C (Beck, 1984).

‘ A strong mteracnon between temparature and photoperiod '
is known in many BPGCleB Long days prevent diapause at low

temperatures, and high tempera.tures gountersct the effeot of

short days in species such as C. fumtferana (Ha.rvey,

1nerea.se critical da.ylengths for dla.pa.uae induction (Lees,

1968 Back. 1980) In contrast, & few epecwa. such as P. -

~

-



brassicae, have a temperature compensated. response over the -

normal range of temperatures experiencéd in nature

(<50°C)

Photoperiod*response is independent of

-

temperature, insurmg that locsal popula.t.:.ons enter diapause at L

.

the -correct time, rqga.rdless of tempora.ry weather conditions

(Lees, 1968).

~“The complexity of temperatufe and phot&period relations

\ derk phase ph‘ysiologica.l processes (de Wilde, 1962).
P;ttendrigh’s (1981) pa.cemaker-sl’a.ve oscillator model offers
an éxplo.na.t.ion of why critical daylength is temperature ‘
dependent, because temperature affects phase’ relationships
between pacemaker and slave oscillators and among slave
oscillators.
‘Role of Diet

Diet."is known ‘to modify. effects of photoperiod and
temperature on -diapasuse Vinduction,
phy tophagous speciés,
.(.Sa.u_gders,
populations u{xder critical photoperiods, when small
physiological changes may make a large differsnce in
9xpr€ssion gf\ diapause. Food scarcity increases diapsuse
incidence in the moaqu_ito} Aecjes trisertatus (3ay) (Beck,
"1980), the lacewing, Chrysopa mohave Stepher;s (Tauber and
Tauber, 1973), .t.he moth, Epkhestia cautella (Walker),
(Hagstrum and Sllhe,cek, 1980) a,nd the predatory mite,
Metaseiulus occidentalis (Nesbitt). (éleld and Hoy, 1988).
Although these spgocies responded to starvation with an

increased teéndency to diapause, in others, such as the.

o

particularly in
where it may be & major influence

1982). Dietary effects are often only detected in

. . may be due to different tempersture coefficients for light and .



nutritional deficiencies prevented complete fat body -
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rhytophagous ladybeetle, Epilachna vigintiootopunctata

‘(F.), a poor gua,iity diet prevented diapsuse, probably because ”

development (Kono, 1979).

Dietary components, as well 88 moisture content, may also '
affeot diefpause. Differences ix; ‘starch content deit’,ermined -
whether ‘d§ets for the ﬁobacoo moth;, Ephestia elutella ’

™~

(Hubner), induced a high incidence, low incidence, or absence

of diapause (Waloff, 1949). Increasing lipid content ;in diéts )

of P. gossypiolia, iﬁorez;.aed d,ia:pa,use ineidence (Adkisson,
1861; Bull and Adkisson, 1962; Foster and Crowder, 1980), as
d1d deerea.slng momture OOntent (Rains. and Bell, 19'74b), when
photoperlod approxlmate;i crl;;lca.l daylengths. Adding &glycerol’
to :aiets for thé Mediterranean :ﬂour moth, ‘Ephestiar

kuhniella Zeller, decreased diapause incidence (Cox, et &1.,:'
1984'). Sugar and protein levele; in diets of the boll weevil,
Anthonomis grandis Boheman, affected dla,pa.use incidence
(Tingle' nd Lloyd, 1969) and higher a.mounts of vne.mln E a.nd
oholeeteiﬁﬁl in-diet of , the a.rmyworm, Heuo‘cms armigera
(Hubmner), prolonged the larval stage and incressed dlap&u:;e

incidence (Nikishina, 1973).

There is some evidence that diapause incidence in

prada'.tory a.nd parssitic épacieé is also’ affected by quality of

prey,. and 1nd1reot1y by diet’ of vrey. Dla,pa,uae incidence in

‘the endoparasite, Rimpla instigator F., was ma.rkedly

higher when they were reared on the caovbage moth, questz"'a
bras!stcae L., than when reared on P. brassicae, which

apparently resulted from nutr:.uona.l differences rather tha.n

. differences in host size (CIa.rjet and Carton, 1978). The

-
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nutritional effectl is more obvious in the prev\da.t.ory‘ mites,
Amblyseius potentillae (Garman), which were not able 0
diapause ‘when fed on albino ﬁx\}t&n’t. spider miies, la.cking
vitamin A a.n'd carotenoids (Overmeer and van Zon, 1983; ‘ ‘:’

Vesrman, et al., 1983).

A commonl difference in behavior and .feeding between
diapause and nondiapause individuals of the same species, is
tima.t: tEose, oriented toward diapause tend to ea;t morz and feed
longer than those not diapausing. This is oona;;iatént-with the

needs of \dia.pa.ns‘ing individuals for extra acoumulations of

reserves in fat body and other storage tissues (Lees, 1968).

" Feading of prediapause cereal leaf bestles, Oulema

melanopus (L.), waé significantly greater than that of o
nondiapause bestles (Wellso ‘and Hoxie, 1981) and dia.pa.u:ae
oriented larvese of 'Pectinophora gossypiella were heavier
a.m% h‘ad a higher fat content than nonqlia,po;uae larvae B

(Adkisson, et al., 1983). ‘ S S

v z €



DIAPAUSE DEVELOPMENT AND TERMINATION
Andrewartha (1952, pg! 43) defined di&pauee development sas
"physiologica.i' develo;}ment or prhysiogenesis, }Vhioh goes on

! ’ " P (3 L3 -
during the diapause stage in preparation for active resumption

"of morphogenesis’. This is syrfonynious with Beck’s (1980) term,'

"disapsause termination’, a.nd is influenoed by the intera.otion

of auoh -rate controlling factors as phot,opamod temper&ture,
moisture, sensory stimuli o,lnd nutritive factors. In many
species, even those w1t.h ma.rked rhotoperiodic responses for
diapsauss 1nduct10n, 'thS response wesakens or dlsa,ppea.rs during

diapause and & period of chilling (0-100C) is required - ! A

‘for diapause development to proceed (Danilevskil, et al., .

1970). Photoperiodic sensitivity continues into diapause  and
doverns diapsuse termination in .some species (Liees, 1968;
Ssunders, .198%; Bunnarius and Dumortier, 1984), Development

r
'

may resume in response to another critical rhotoperiod
threshold in Bprlng, or }:lhla.pa,use maey be photoparlodica.lly
raverslble atany. ume (Lees, :1868). 'In 4. pernyt,

dia.pa.use qa.n be terminated by one hour light breaks during the
dark ph&ge .(Hayes, et al., 1974). Long days maykten '
diapause developmgnt \a.fter chilling, .as in E. elutella, in

YVPich therje is a complex interaction 'lbatv;een chilling,‘ later
development temperatures and photoperiod (Bell, 1983), or long
days ;az.lone can terminate diapause without chilling, as in o.

o

nubztalw (Mcleod a.nd Beck 1963), w. smithti (Smith and

Brust, 19?1), a pu.cher plant mldga, Metriocnemus sp.

(Lees, 1868), and the bean bug, Riptortus clavatus

Thunberd (Numeata and Hidaka, 1982).
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Chilling often synchronizes emergence after diapause, but- -
it may no;(. be necessary for diapause development. Instead, its
effect may be to decrease the metabolic rate to conserve
enocugh fat ‘body ’reeerves 10 insure morphogenesis after
diapause (MocLeod and Beck, 1963; Beck, 1980). Tauber and -
Tm}ber’ (1976) suggest that temperature thresholds for diapause
development are \{efy low st the beginning of diapauss, rising
as dia.pa.use proceeds, until they reach the thermal thresho]:d -
'for morphogenesis, at which time dxa.pa.uee is. comple,te For .,
ma.ny species, dmpa,uae development may be complete before
)natura,l daylengths are long enough to terminate diapeause, 8o
phot.operiode do not terminate diapause in the field (Beck,
1980). It is not }mown‘ why' species that do not rely on
photoperiod for diapause termina.tign in nature, such as 1-;*.
brassicae, exhibit distinct photosensitivity under \
laboratory conditions (Brunnarius and Dumortier, 1984).
qEOGRAPHICAL VARIATION IN DIAPAUSE i
' Local differences in climatic conditions, acting on
ve,riq.tione in genetipc constitution of local popula.tiens, are
usually responsible’ fotl geogra,pﬁice,l differences in dia.pa.uee
incidence among geographical r:wee ‘(}{a.se,kZ 1961). Differences
in critical daylength for dia.pa.use :'ynducti n are agsociated
with latitudinal changes in photoperiod in ma:ny species;
intensity* of photoperiod reeponse, and effect of tempera.t.ure
l'on that responee, mey also vary from area to area (M&sukl,
1961; de Wilde, 1962; Beck, 1963; Danilevskil, 1968; Lees, :
1é68; Danilevskil, et al., 1970; Denno and Dingle, 1981;
Saunders, 1982; Tauber, et al., 1984). The differences between

geocgraphic races was shown in a’'comprehensive study of 22 ; .



A

Harwood, 1966), Manduca sexta (Johannson) (Rabb, 1969), =

¢
‘

popula.t,iom of W. smithi{, which found that latitude
a.ccoum.ed for over 80%, a.nd altitude for over 1596 of
variation in critical photoperiod (Bradshaw, 19'76). Local
populations adapt to incressing altitude because it is
clima.tica..lly analogous to moving north (Danilevskil, et al.,
19'70) Tempera.ture may be more important than photoporiod for

dla.pa.use mduction in local pc?pula.tiona, as wa.s found in t.wo

L
(Y

of ten races of O. nubilaus from different 1a.t1tudes

. (Beck and Apple, 1961). Genenc divergence, rather than

adaptation to different photoperiods, may also account for -

geographical variation in critical’ da.'yleng::.hs (Ando, 1979).
Differences in diapause response between géogra.phioa.l ’

races has been studied in the European spruce aa,wfly;

Diprion hercyniae (Hartig) (Prebble, 1941), o. ‘ -

nubtlalis (Beck a.nd; Apple,-‘ 196l1), A. grandtis (Earle and |

Newsom, 1964), Anoéhctes .freoborni Aitken (Depner and:

P, gossypieua (Raina and Bell, 12'749,), Sarcophaga
peregrina Robineau-Desvoidy (Kurahashi and Ohtaki, 1977).,
DrosophniZa littoralis Meig\en .(Lumme and Oikarinen, 1977),
P. inte@pdnétezzq (Bell, et al., 1979; Bell, 1982),

4traéhya menetriest (Ando, 1979) and calliphora vicir_ga
Robineau-Desvoidy (Zinov’yeva, 1980).

Geographical variationa in jila.pa.use are most likely to
arise in species with a facultative d1a.pa.use They are often
multivoltine in southern parts of their range, with the number
of generations per season decressing as latitude increases
until they are un;voltine in extreme northern ranges. Northern

insect populations have a strong tendency to diapause over a

a

3
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wide range of external cogditiohs compared with sauthern .
populations (de Wilde, 1962). Higher tempqra:tuéee may be
reqt}ired to avert diapause than in southern populations
(Ma.sa.ki, 1961), and photoperiod is uaua.lly a versr strong cue
" bece.uae seagons are well ‘jleflned at hmher latitudes, where
dlfferences in daylength and its ra,te of change are rela.mvely
large (Sa.unders, 1982) With every 8e inc:ease ;1?
latitude, Danilevskii (1963) found that critice.l Vbhotopenod
genera.lly increased by 1.3 h.
Theoret.ioa.l models for optlma.l timing of dnpa.use are.
given by Cohen, (1970) and Istock (1981)0.
GENETIC SELECTION FOR NONDIAPAUSE , L
Natural ;;épulations show a 'high degres of intra.popula.iion
variation in their diapsuse response. The occurrence of a few

e

nondiapausing individuals in a population is the basis fox\-
artificial selection for nondiapause (Lees, 1968; Da.pilbvskil,
et al., 1970; Herzog \a,nd'Phillipa,‘l 1974; Hoy,.1978b; Taubsér
and Tauber, 1981), pa.rt.ioula.r‘*ly since inadvertent selection of
. nondiapausing laboratory lines has occprre»d relatively
frequently (ﬁoy, 19'7';). The spruce budworm parasitoid,
Psau&osa.rcophaga affinis Fallen, lost its capacity to
diapa.uae’during éoo genex"a.tionel gf lsboratory rearing (House,
1967), a,r;d diapause dropped from 96% to 10% in a line of &.

3

molesta after 60 generations in the laboratory (Glass,

1970). A similar ina.dvertént loss of diapsuse has océurred m
laboratory lines 6f A. grandits (Lloyd, et al., 1967;

' “‘Mccey, at al., 1968), tine blowfly, Luectlia caesar L. !
(Ring, 1971), the western spruce budworm, Choristoneura ™

occt’dem‘ralis Freeman (Lyon, et al, .1972), the pentatomid,

43



,Mlxo,, 1968; Sims, 1983), or to provide continuous la.bora.t.ory
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Adelia acuminata (L.). (Hodek and Hon¥k, 1870) and E.

. kuhniella (Cox, et al., 1984). o ' )

- A *
Intentiona.l select.ion for nondiapause lines has been done

for severa.l reasons. They have been used in crosses with

diapause hnes to study diapsause geneucs (eg .» Ando and’

cultures useful -in other research (e.d., Harvey, 195'7;,}
Baerwald and Boush, 1967; Pickford and Ra.nda.ll 1969, Hoy.
1977). Relea.smg nondla.pa.uslng lmes of pest species in the
field, to cross with loca.l popula.tiorrp and prqduce offspr_ing

no loxiger adapted to the area, has beén suggested as a

'potential control method by numerous authors (McCoy, et al.,

1968; Rabb, -1969; Klassen, et al, 1970; -Kurahashi and

thta,ki, 1977; Hoy, 1978b; Tauber and 'i‘a.uber, 19"79). This is

not likely to work uynless nondiapause is controlled by a.

single, dominant, fully penetrant gene (}Cla.ssen, et a.l.,' g .

1970), or unless. it is sex-linked, as In 0. nubtlalis

(Bhowers, 1981). ) - . o

Genetic selec\tion of diapause in \gm,t.ura.l’enemies to
enhance their usefulness-may be a potentially valuable area of.
research, especially when species originating from different -
latitudes are to be relea.t;egi in~the field. Poor host-parasite
aynohroniza.tién because of dia.pa.usé, whichA can cause failure
of & bioclogical control program (Schlinger, 1960), could be )
avoided. Selection of nondiapausing natural ‘e'nemies for use in’
greenhouses'during the winter is the subject of this. research
project and has been recently accomplished in theﬂgreda.tdry

mite, Metasetulus occidentalis (Hoy, 1984; Field and I-on,\\J

. 1988). ’ : .

v ®
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Nondia.pa.uao seleonon has been successful in. a wzde ra.nge

o

of spec:tes (Table 1.). Alt.hough most of these . specles ha.ve a

[

fa.oulta,tive diapause, nondiapause selection has been
*

.

succeasful in .8species with/ obligatory diapause, such as €.

Lo

A. aoumtnata (Hodek a.nd HonSk 1870), the gypay mot.h 4
Lymantr'td dispar (L.) (Hoy, 1977) and the a.nue _ . B
- swallowtail, Pa.pzlto “Zelicaon Lucas (Sims, 1983). In these -
) c‘\a.saa,\lra,rje indi'vid}qua in the population 6e.pa)lble of con”tia_:nie’dl
d;evaloprxient “wit.hout intervening diapg.u_se} apparently pl:ovided
l e;mugh gensetic va.ria.tibn for selection to. operate (Hoy,
.1978a). - ’ _ T .
L o Pro’grega in ' selection f?f ;a. high ir‘xoidence‘ of nondi&pa.i_:tge
"is often rapid, especially :‘Ln the firs‘t' féw generations (Barry'
-, and Adkisson, ‘1966; Lees,;'1968; Glass, 1970; Herzog and

Phillips, 1974). Diapause may ‘be reduced to art extremely low..

3

or 0% level in selected lines (eg., Glass, 1970; Nair -and ' T

Deéa,i', 19'73)', but may revert.to a higher int::idence after
selecmon 13 relaxed (Barry a,nd Adkisson, 1966). Because most
. nondlapa,use selection has been ca.rrled out under s single .
photopericd regime and consté,nt temperature, the resul’t.ihg“
& « lack of‘ die.l‘oa.ime' responéa may persist only under ithese
conditions. A change in temperature, or addition of &
thermoperlodlc cycle, may dre.ma.mca.lly affect diapause "
incldence (e.g., W&loff 1949), lines selected for changes in'
tempera.tg;'e r@sponsg are likely to differ genotypically from
- those selected for changes in‘photoperiod {Hoy, 1978k). In
crosges of~ nondiapause and wild-type L. di;z‘mr, Lynch and

Hoy (1978) found that chilling radically altered the

' , B

fumtferana, (Harvey, 1987), P. affinis (Houae, 1967), Lo

.
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T Gryllus c:npestrzs L.

T Oncopeltus Tasciatus
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Table 1. Arthropod specieés intentionally selected-for nondiapause.

Te

.8PECIES

.. COMMON NAME

z -

REFERENCE

[ %

. DRTHOPTERA

Locusta migratoria
gallica Remahdibre,

i

He}anaplus differentialis

* (Thomas)

. sanguxnxpes F.

.

e

;

coLEuPTERA ’ -

Atrachya nenetrxes:
Faldermann _ _ - | -.

'

Trogoder.a granar:u-
Evarts
Dia#rotica’vigifeka
LeConte o
HETERDPTERA
LAelia acaminata (L.)
A. rostrata Boheman

N

- *  {Dallas)

Y

Gerris cpp.

+

Locust

-

Migratory Qfasshupper

2

' Field ericket -

Falss melon beetla

-~ S e .
-

Khapra.beetle

- IR
RN

Western corn rootworm
= ," ‘o -

‘v
.
’

True bugs
Large milkweed bug-

ot
-

Water striders

Yy .

" Differential grasshnppef_

L - -
s * -

Le Berre (1953) . -

.5

Slifer & King (1961) .

Pickford & Randell

(1969)

Ismazl & Fuzeau-
Branﬁth (19764)

£

Ando & Miya (1946)

- Nair & Desai (1973) -

e

Branson, (1976)

- Hondk (1972)°

Dingle (1974)

'

vepsdildinen (1978)

»”
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Table 1. Continued - . ®
SPECIES ~—’, + . COMMON NAME REFERENCE . .
HYMENOPTERA : . - ’ L
*Diprxon hercyniae (Hartig) European spruce sawfly Praéh{g;4;941)

Ptefonalus puparun (L.)

LEPIDOPTERR
Ephestza elutella (Hbbner)

Chorzstoneura Tumiferana -
(Clemens)

Pectinophora gossypiélla:
" Saunders .

J

t -
Grapholitha molesta (Busck)

Galleria mellonella (L.}

Heliothis zea -(Baddie)

Pionea forficalis (L.)
Lymantria dispar (L.)

Ostrinia nubilalis (HObner)

%

-jbjatrqpé grﬁﬁdiosella yyar"

"PQEilio zelicaon Lucas

RN . .

Chalcid wasp

LI

Tobacco m;fh te Waloff (1949)
Spruce budwarm - Harvey (19575} ’
’ ) : - Lyon, et al. (1972)

] ‘Barry & Adkisson
(1946)

61 aés (1970)

Pink bollworm

Driﬁntal -fr-ui t ‘moth

.\ - Lt * _ .." N B
N (1974)
e 5 . T « .

1“King (1974)

.

Hoy (1977) -
Showars (1991)

Garden pabbl < moth

*Bypsy mnth

Eurapaan comn barar

‘-l ~

Bouthwestern corn borer T-.akeda §c Chxppendal&

!1982).

. Bims’ 1}933)‘

. - -

Anise. swallawtail

Maslennikova (1948)

Graater wax moth nfr"dé Marini & Campadalli
o S A , (1973/75)
,;~Bolgwor¢;“ : .~ -Herzpg & Phillip

g

LY
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" Table 1. Continued
' SPECIES . COMMON NAME - 'REFERENCE
:.  DIPTERA’ . Lo . e,
. Rhagoletis pomonella s Apple maggot - Bamsrwald &
(Walsh)’ et . . Boush (19&7)
' lucilia caesar L. Blowfly . Ring (1971) -
¥ L . o : '
- Hyeomyia smithii . Pitcher plant mosquito Istock, @t al. .
’ —~ Coguillett L o, (1976) .
B + ¢ o - ¢' . 9 'H
Poecilometopa spilogaster Flesh fiy - Denlinger (1979) - :
(Wi edamann) o - - - .
) Sarcophaga ‘bullata Parker Flesh fly Henrich & Dentinger
' 2 - s (1982, 1983)
ACARINA - - A L L :
Metaseiulus occidentalis Pradator mite Field & Hoy (1985)
N (Nesbitt)- R ,
! < , F - %
'r‘- . ! . ‘ . $ .
; . ? . >
£ ‘3 !] ) . ’
. § -
i . 9
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' phenotypxc _expression of hatching - ume and proporti&n of S

. envzronment.a.l fa.ct.ora, such as popula.uon density (Nair a.nd .

. P - .
p &, * Py € - ] by -
v . ¥o-g
>
& -

h&tch both of which are mla.t.ed t.o the egg dlapa.use Ot.her

3 ‘ a

o Ve

Desa.i, 10}73) a.nd food qua.lit.y (rg. 37), ocan affect the -

expms'ion of c_iia.pa.use.

.
.
l

. An 'imxiort.ant part o nondia.pa.use selection is the 5

. mment of other characteristics that may have changed a3 a

- result of selection Attributes, auch as Bsex ratio, tecundna(,

mrchirm a.bility, temperature t.olora.nce‘ and life spa.n, ma.y be
a.ffected by selection, as a reault of inbreedm ma.dvert.ent
aeloction, random genetic drift, or because they are ’

ugsocia.tad with dla.pa.use at the ¢enot.10 level. Ando and Miya.

€1968) found tha.t in a nond:m.pa.une line of A. menetriesi, e
fecundity was lower, egg mortality increased and femeale life

spans were shorter than' in unselected controls, prolga.bly

. because of inbreeding. Nondiapsuse P. affinis were not as . , ’

2

~

-

" *
cold-hardy’ as original stock (House, 1967), there were

differences in sex ra.t&'é betwaen control and nondiapausa lines. '
of C. fumiferana (Harvey, 1957), and a reducuon in L

vzgour, fecundlty and viability of eggs occurred after 12

o

genera.tions of nondiapause selection in the grmhopper,

Melanoplus, dszorenttalts (Thoma.s), probably because of

' accumula,ted deleterious genes (Slifer and King, 1961).

‘S8election: of a nondiapause strain of L. dispar, however,

a b~

dld not’ rosuit in significant oha.ngea in morphology, sex

ra,tio, 'pupaal welght,s or edg product.mn (Hoy, 19‘788.) -
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Gsuhncs or 'msscr DIAPAUBE

Insects. diapla.y a.n a.atomsh:mg variety in t.heir dmpo:use
response to ‘photoperiod, tempera.t.ure, and other environmental
factors, ;Lnd it is likely that modes of diapause inheritance
are eéually, variable, Ma.jor reviews of diapause genetics are

mmn by Lees (1955), Beck (1963 1982); Danilevskil (1965).

.

‘and Hoy (1978b). g .

. Characteristics, .such as critical photoperiod, duration
and intensity of diapause, btginpefatum responses during
diapause and iemperé.ture reqtiire_ments for diapause
termination, respond to inbentionan.l selection and are,
therefore, genetically determined (Hoy, 1978b; Tauber and
Tauber, 1979). Sqlect.ion is- possible because of the variation

. in dieypsuse rpspoﬁse, sometimes quite large, between

b

individuals in populsations. Large differences in diapause |
>

intensity and duration have been observed between individuals
in populations of the garden pebble moth, Pionea
SforSftcalis (L.) (King, 1974), M. sexta (Rabb, 1969), the
western corn fbotworm Dtabrotica vigifera LeConte
(Branson, 1976), and in, labdratory ropulations of the Khapra
beetle, Trogoderma granarium Everts (Nair and Desai,
1973). In experimental populations of 0. nubilalts, Beck
and Apple (1961) found a range of photoperioditc sensitivity
approximating a normal distribution, and concluded that corn
borer popula.tions were heterozygous for multiple genes -
controlling their response to photoperiod.

The previous exa.mples demonstr&te one. of the difficulties
’ i‘r-;“ét.udying diapause gen\etics. Populations may exhibit a

continuous distribution of diapsuse response, yet _for an

1

i A\

-

50
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iiwolvin’g many denes (Hoy, 1978b). Another cdomplicating factor

in studying diapause denetics is in defining diapause,

- : . L “ . 51
individual, diapause is & threahgld ("all-ar-nothing")
ro;pon-se (Falconer, 1981). There may be no way, with préser;t Cy
't.echniques, to Idetermine whether dia.pg.use characterstics are .

normally or multimodally dis/tributed, because there could be

many causes of variation, all with relatively small effects, . . o

particularly in species with an egg or pupal dia.pa.use,‘ in

which diapause and nondiapause states are defix;ed by duration_

alone (Rabb, 1969). | _ . .
The genetics of diapa?us; a.;'e usually studied by cr‘os,sing

deographic races, or by crossing artificially or inadvertently

‘seleoted lines. The diapause response of resulting hybrids is

ususlly intermediate bétween that of parental lines. This ‘wé.s ' <o

first demonstrated by Danilevskil (1968) 1n crosses of

geographical races of the moths, Lucoma salicts and on
Acronycta rumicis (L.). Similar results have been obtained
with S. p@regr;:na. (Kurahashi and Ohtaki, 1977), P.
gossypieuc; (Raina and Bell, 1974a), L. caesar (Ring,

1971), A. ac;umin;zta (Hodek and Hondk, 19'70): P.

zelicaon (Sims, 1983), and Sarcophaga bullata Parker
(i{enriéh and Denlinger, 1983). ‘
In some species, hybrids between diapause and nondiapause

lines show a dié.pa.use response similar to one of the parental

lines. For example, characters governing nondiapause were

"dominant in crosses of 4. grandis (McCoy, et al., 19868).

Rabb (1969) reported that diapause intensity in 1 female
M. sexta, (aé measured by duration of pupal stage) was

much greater than in either parent strain, possibly because of
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cumulative effects of several genes. A more compqu situation

v

was demonstrated by Nair a:nd Desai "(19'73)‘ who euggeeted that

S .
major genetic factors determining density independent diapause

~

in T. granamum were domlnantf whlle those governlng

-density dependent ,diapause were recessive. .o K

o Generslly, -the results of crossing experiments between

nondiapsuse and dispsuse -lines indicate that diapause is under

polydenic control (Harvey, 1987; Danilevskil, 1968; Nair and

. Desai, 1973; Rabb, 1969; King, 1974; Raina and Bell, 1874a;

Kurahashi and Ohtaki, 1977). The type of genes and inhe'ritang\e
involved, however, is extremely variable. Several authors
conclude that an initial rapid decline in diapause inci::ience
during nondiapause sselection, followed by a plateau befqre
further selection progress, indicates t.ha.t d1a.(f=a.use is
cont.rolled by a few -major and several minor genes (Harvey,
1987; Barry and Adkisson, 1966; Herzog and Phllh{:s, 1974). A
small number of interacting loci, or a single ’geﬁ‘e locus, may
govern the metabolic, hormonal and é:levelopmenta.l events
connected with diapause in §. bullata (Henrich and
Denlinger, 1983). Diapsuse appears to be controlled by .7
supergenes, which show discrete inheritance, in Gerris -
spp. (Vepslildinen, 1978) and D‘, littoralis (Lurfxme and P
Oikarinen, 1977). Tauber and Tauber (1979) demonatrated
Mendelian inheritance of diapause in la.lcowings by crossing two
8ibling species, Chrysopa do'wne:?;' Banks (univoltine) and
C. carnea Stephens (multivoltiné).

Diapause is sex-linked “in some insects. It is inherited
through the male parent (the homogamic sex) in such

Lepidoptera as P. forficalis (King, 1974), L. ,dispar
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- . (Lynch and Hoy, 1978), B. mori (reviewed by Lees, 1983)

i

’

and 0. nubilalis (Showers, 188l). Maternal, inflﬁence has
been found in 4. menetriesi (Ando and Miya, 1968).
.'The rela,tionshiio between development rate and tendéncy‘ to -

diapause may occur at tﬁe\ gehati_o level, possibly resulpihg

"from the pleiotropic effects of diapause genes, or from

.linkage between genes associated with' diapause and development

(Henrich and Denlinger, 198‘2); Slower aeveloping G-

'motesta larvae tend to diapause (Dickson, 1949; Glass,

1970), progeny of early emerging adults P. forficalis are
loa.at; likely to diapause (King, 19'745, and fast development is

correlated with low diapause iricidence in . smithit

- (Istock, et al., 1976). Artificial ‘selection of' S. dbullata

. B t
‘for greater duration of larval stade resulted in a population
that tended to pupariate later, and had a higher diapause

incidence, than a line selectsd for fast larval developrrient

(Henrich and Denlinger, 1982).

~

Only in B. mori have diapause genea been extensively
é-na.lyze& (reviewed by I.;ees,, 1988). Because many genetics
axperiments were perfofmed as afterthoughts in selection
experim:n‘c.s. and often at single temperature or prhotoperiod
regimes, the information obtained on diapause response is
limited. No clear conclusions ro(a.rdinﬂg diapause genetics are

possible until more research is conducted. .
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BIOLOGICAL CLOCK MODELS

Several biological clock models ha.ve‘é been 'riroposed to
account for photoperiodic responses observed in iﬁsects.
including ,modelling the circ;:.dia.n component of sewon#l
rhyt.l:.mm suci'x as d.i_o.p’a.use (recent reviews by Beck, 1980;
6g.u§xdera, 1982). In the extex:'na.l coinqidence model, first
pm@md by Binning (1936), i"ngiuot.ion depends on a coincidence
.in time of & partiocular phase in the circadian cycle with a
particular light phase. Son:e phases of the cycle that ocour in
'darkness at one season, ocour in light as daylength increases.
Coincidence of these phases is necessary for the photochemical
steps that initiate diapause. In the internal coincidence
m;:adel, first proposed: by Danilevskil (1968), multi-oscillator
systems are proposed that keep a temporal order within the
circadian system itself and respond to ohe.néea in photoperiod.
On one side of the critical r.'xhotoperiod,( the phase
relationships between 'oscilla,tora allow a péyticula.r sequence

-

' of\ reactions, whereas, on the other side of the critical
rhotoperiod, different phase relatiox:m exist, which activate
the ﬁtbu;.bolic pathway resulting' in diapause (Pittendrigh,
1981). I both models, light has a circadian entraining role,
which may be replaced by thermoperiod, but in the external'
mﬁdel, light is also necessary for induction (Saunders, 1984).
‘Refinement of & pacemaker-slave oscillator model of ‘ ,
circadian organization gives the internal foincidence model‘ a
more substantial foundation (Pittendrigh, 1981). It can be.
used to explain why critical daylength for photoperiodic
induction of diapause depends on temperature in some species.

r

The pa.cema.ker in the system has a constant peiriod and time
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"course with respect to temperature, but the phases of the

slave oscilla.tbrs-, and pheir relationship to the pacemaker and
other slavée oscillators, are temperature iiependent
(Pittendrigh, 1981). As photoperiod increases, the phase of
the Isla.ve osoilla.tort; (relative to dawn) shifts also, but at
different rates. , \ \ .

Beck -(1980) has proposed and refined a dual-system t.heory"

. ~N . .
of diapsuse induction in which there are, two main circadian |’

oscillators. One system funetions as & circadian pacemaker and.

determines the rhythm, the other functions as a gating system

(Beck, 1980). Hq__ hypothesizes that photoperiodic determination

- of diapause involves a gating mechanism, similar to the gating

of circadian rhythms. This theory has been criticizec?,a,
however, because it does not account for, or predict, certain”
fundamental characteristics observed in circedian systems
(Scopik, et al., 1881). "

" BEvidence from the few species extensivély stiild.ied suggesu;
‘t.ha.g, both hour-glass timers and circadian oscillators may be

. Y LA .
involved in the photoperiodic response (Saunders, 1982). For

example, Takeda and Skopik‘ (1988) found that a northern strain

‘of 0. nubtilalis showed an hour-gless diapause response at

200C, but cix;ca.dia,n periodicity at 309C, whereas a.

southern strain exhibited the oconverse. I ¢
Superimposed on the photoperiodic clock is what Saunders

(1982) calls the "phot,operiodic.cou'nter", which adds up short

day, or long day, cycles-until the dia.paluée pathway is

determined. Some species may count both short days and long

cia.ys; in others, oné or the. other is nsutral, and may or may

not be temperature compensated (Saunders, 1982). This is one
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explanation of why insects reared a.t high temperatures, under
short day oycles, do not. diapause; they have not accumulated

the requu'ed number of short day cyoles to induce dmpa.use

P
+ - . -
'
A~
~ L '
v .
& i
. :
4 !
N
s -
. v )
$ *
.
A
f
.
+ * . °
i
.
. =
.
¥
4
y
s
~
~
' LI N .
! !
.
,
a
a
1 Al '
¥y F
s
' )
@
4
) . v
\ .
o
, P s v
. -
\',
. “w
28 =~ . - - -
< % N
-
‘
' , .
X
-
~
[
.
’ t
w s »
.’
t
‘ .
.
.

‘56



'

o

e -

+ N
- 2

SECTION 2. - o

MATERIALS AND METHODS

A | "

Materials and methods usqd throughoup the research are

" described in this ‘'section. Methods unique to each experiment

(&
are decribed separately in each chapter. .
' »
\ .
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‘gpectrum fluorescent tubes (120 cm) were installed in the
v

INCUBATOR ENVIRONMENT

One large, lcontrolled environment cha.n;bér, "and numerous ~
s;n‘a.ll refrigera.t.c;r—type 1ncuba.t.ors were used during this
research. The large chamber (1.7 x 2.8 m) wes used for 4\;11
nondiapause selecmon exemments under LD 8:18. Three sets of

four, 40-W Vlta. llte (Duro-Test Corp., Montreal,; Que.), full

chamber to simulate na.tura.l.li’ght.ing. Two sets of tubes wers
suspended 55 cm sbove the floor, and & third. set was installed
the same distance above g second level shelf. The lighting

system operated independently of the 'norma,l' incubator wiring

system and photépériod was controlled by & timer that operated

on both AC and DC power. An slternate 12-V DC light system,
. MV; - ' - 1

consisting of two full spectrum tubes (45 cm) per set of
lights, powered by a heavy duty marine bsattery, asutoinsaticdlly
sw_itched on when power failed (wiring disgram, Appendix A.)

Beceuse the same timef controlled both AC and DC lights,

correct photoperiod was maintained regardless of the time of
day when power failed. Even though electricity on campus
failed 13 times in three yesars (once for 33 h), the emergency
system was re‘lia.ble and no selection date was lost as & result

61’ disrupted photgperiod cycles. Temperature .in the large

,chamber was nmaintained. at 2'11;100, and a humidifier kept

relative humidity (RH) at 80-90%.
Aphids were reared in plant growth cabinets with high

light 18\7618. Cages with control lines of 4. aphtdimyza

/
were kept in open Climatoria for the first year. These were

equipped with 40-W Vita-lite® fluorescent tubes, but, because

-

chambers were. open to the room, temperatures and RH were not
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cont;rolle,blq. Room températures were 24-280C. After o

year, control lmes were moved to ) refrigerator-type

inéubators so tha,t. 21°C emd 80% RH could be malnmined

*

. All other experiments were opnducted _1n the, same type of
incuba;togr, which had photoperiod and thermoperiod 'cont.rofs.
EXPERIMENTAL GREENHOUSE | | 1

The Entomology greéenhouse used durmg the resea.roh we.s & .
single seotmn (4 x 9.2 13’1‘2, _Sea.led off. from the: adqa,oent
section, with aeparatp entrance and environmental controls.

>

Joints in the glass partition. were caulked to prevent

' peat.ioides from drif‘t.ing into thé greenhouse ‘from the

é.d.)o:mng Hornculture secnon 8011 mlxlng, seedling , >

~

transpla.nung, insect collecmon and counta for greenhouse

v

experiments were done in the potting-shed laboratory sattached
to the greenhouse. .
Thevgreenhouae was equippsd iz,wi‘oh two free-standing benches
(1 x 6 m). Ventilation was provided by two Sridge‘a vents (one
manually cont.x‘olleld, one automsatic), two manually operated
side vents, and a “thermosta.tic&lly clomtrolled, variable speed,
exhaust fan. 3team heat supplied from the college system was -
also thermostatically controlled. Glass was whitewashed
annually, in late May, to reduce summer daytime temperatures.
A floor-to-ridge’ blackout curtain between sections was drawn "
in winter when supplement.a,l lighting used in the nelghborlngm
section would ha.ve interfered with dla,pa.use research
Although cooling and hesating systemg were a.dequa.té, ,,
equipment was not as accurate or flexible as that employed by
'oommeroial growers. For example, it was not possible to set;

'

separate night and day temperatures, therefors, it was
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oteracea. cv. Jade Croea, as host pl_a.nt.a was ;nveshga.tedu 7

v - - - -
. 1 N
' .

necessary to make, manusl ec}‘;iuétmenta.‘t\kiée ‘daily during

experimental periods intended to duplicste commércial

-
'

conditions. . S R R
HOST PLANT Pl_zogﬁcnbn:" oy o
~ Aphids we;‘e rearsd on green peppers, Capsioum
.officinale cv. Early Canada Be}l. Peppers are good hoet
pla.nt.e because they ars compact, upright and support' &ense‘

aphid populations with minimal leaf curling or dropping. The '

S

- 8low growth rate "'ef peppers and their requiremen} fox“- warmth

were disadvantages, however, for wint.er a.phid ‘production.

Therefore, t.he suitability of bruesele eprouts, _Brasstca

(¥

1

ey are compact, upright and grow quickly at lowqr

tory, M. persicae was slow to colonize leaves
irritable and reetleée, dropping off ee.aily when

plants were mboved. Pe"rha.ps brussels sprouts: provided a poor.

;diet (Dxxon, 1988) or the waxy leaf surface may ha.ve repelled

a.phzde (va.n Emden, a.l., 1988). Rearing- the cebba.ge a.phld,

Vo

Bremcoryno bra.ssr.cae “(L.), might have been more
successful. For th‘e purpose of thlg research, however,. which‘
specifically addressed aphid control in greenhoueee, ‘ I decided |
to continue with M. persicae on peppers. Beceﬁfly, Havelka .~
and RUZi&ka (1984) - feund that M. persicas is one of the
best quality food' sourcee for 4. ap{tidimyza larvae.

- Plants" were seeded weekly in the gréenhouse (summer) or . . =
every tv;v'o weeks in a growth chamber (winter). At :t:éur weei::s,
seedlings were transplanted to pots (12.5 om) and grown for .

LY

3-4 more weeks, unml they were 20-28" cm hlgh and rea.dy to be



-t
. -

‘infested with: aphids. Every other week, 40-80 plants weére

N
transplanted, depending on experithental requirements. The soil

mix was coarse’ grade vermiculiteé, horticultural peat and
pasturized tdp soil (1:1:2). Lime and 20-20-20 fertilizer were
added to t.he mix. When frequent watering was necessé.ry in

. sunny. weathsdr, pots wers wa.tered weekly with liquid 20-20-20 o

N .

to replace nutrients leached . from soil.
‘hot Control
, Weekly or bi-weekly sprays of Safer’ s® Insecucxdal So&p
(8afer-Agro Chem. Ltd., Willowdale, Ont.) were necessary to:
control aphids and the greenhouse .whitefly, Trialeurodes
vaporariom'.zm w;stwoéd, on, y;:vung ﬁia.nts. COﬁtrolling aphids
on young plants in winter and spf:ing became & serious problem
becauae only ronresidual pesticides could be used. The
insectlclda.l soap was too ﬁhytotoxlc for frequent a,pphca.tion
.and its effectiveness declined, probably beoa.use‘ resistance
: "dﬂeirehlc;ped in a.phici .populations. During the second year,
.Wi.lson's\‘: ﬁett&ble-ﬁbvgder rotenone sprays (Wilson Laboratories
Inc., Dundas, Ont.), alternating with insecticidal soap v
'Qspra.ys, provided satisf&,;:tory control. After a year of use, |
hoiqre'ver, aphides were also less affected by the rpteno:ie.
During summer, when aphids were controlled by high
temperatures in the greenhou;e,; whiteflies were oontrolléd,
with yellow sticky rraps and pan traps on ereenhousé benches,
During the second yea.r, bright green sncky t.r&ps and pan 2

traps were a.lso pl&oed on benches to attract pe,ra,sn.lc

Hymenoptera that had entered from outdoors and had sprea.d to ‘

aphid cultures in incubators (pg 63).

.. - v o
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1 v px‘op&sa.ted from a clone received in May, 1982 Imt:la.lly, .

) Conaequent.ly, aphid cu;l-t.ure‘s were %noired 10 *controlled

. was slow a.ng unsatisfactory on
. , :

- 3 < §

In late summer 198%, severe infestations of the’

) N : : " i - 3
‘ two~spotted spider m.it,e, Tetranychus urttcae Koch, on

pla.nts in both greenhouse and uibuba.tors were ehmlna.ted '

‘ w:.tlun a week by 8 elupment of preda.t.ory mites, Phytosetulus

persinilis Athie.s-Hennot (from Applled Blo-N’omics. Ltd.,

. 8idney, B.C.). . , ‘ I

o . .
APm GULTURE . . e .
< N . . PR - ¢
' -

Green peach a.pluds,, Myzus perstcae (8lilzer), were -

a.plnd cultures were kept in the greenhouse in large, nylon
meah covered, wood fre.me cages (60 x, '7'5 x 44 cm\mxh) with
sleeve opem.nge. Ea.eh ce.gs’ held 20 pla.nta High tempera.ture's\‘
inside ca.ges euppreased aphid reproducuon a.nd esca.p:.ng e.phlds

infested eeedhnsa growing in the same greenhouse. ‘ « 'z_

Y

'

environment, chambers under' LD 16: 8, 10 22:1g0C. . S

Ee:oh host. pla.nt we.e 1?¢ocu1a.ted by la.ymg a.n a.ph:l.d 1n‘fested
‘P .

’ "lea.f on "its top leaves. After a mean: of 7 4, mfeet.&uone

'rea.ched 30—35 a.;'hxds per cma2 ofjea.f. Aphid rer,:roduotn.on

lants >10 wk old. On joﬁnger

" -plants, aphid populations spresd evenly over undersides of al .

leaves and chécked plant growth Plants kept. in a.ph:xd

i

1ncuba.tors for longer than t,hree weeks often developed sooty N
moulds, cnadospomum spp.,, on the heavy accumulation of
honeydew, which interfered with movement of 4. aphidimyza

larvae on leaves. Excessive numbers of alatae were also .5

.
- R » -
o -

genere,ted”end leaf drop was severe on theee . plants.

. . ® . '
either used or discarded within v

k] . 4
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Parasite Control . B ,

Two species of Braconldaa (A‘phtdtus matricarize Haliday

‘and Pz’q.on spp ur, P. unicum 8mith) interfered with

o

a.pmd product:.on. They enterod the greenhouse every summer and
were carried on pep:por planta into aphid incub&tora, where

they were very difficult to control. Parasitized aphids

.wandered from plants and were eventually mummified in corners

and under racks and pots. Large numbers of wasps emerging from

this unseen source of mummies périodically severely depressed

. aphid produqtlon Neither white nor yellow ~traps attracted

wasps and at tlmes it was neoesaa,ry 1o resort to crushlng

v

mumnies by ha.nd.,
| Two go).ut.ions were founvd to ‘this’ -problem. One was the
discovery that wasps were attracted to bright green. Sticky
traps, made from sguares of green pol:;'ethylene (6 mil) spread
v_vith Tanglefoot® (The Tanglefoot (;o., Grand Rapids, Mich.),

. ;

caught many weasaps in incubsators.- These were repla.ced with

green b‘la.stio trays (30 x. 44 x 6 cm) filled with soapy water, =

'which were easier to maintain and permitted daily counts of

wasp catches. Over & 10 d period, 817 wasps wers caught in a ’

grqen ran trap, compared with 76 csught in an identical yellow
trap beside it. |

The second soclution was to code host plants as they
entered aphid cultures with a different colored 'sticker for

each day. This snsured plants were removed in the same order

'they entered, and none were left in aphid incubators longer

than 10 d. The swift rotation eventually eliminated wasp
populations because vpla.nts were not in incubators long enough

for wasps to emerge.

Fy
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ORIGIN OF 4. APHIDIMYZA LINES
'A. aphidimyza were obtained | from different
gelogra.phica.l areas to provide the grea.tes‘t possible genetic
variation in diapause response. Efforts to obtain larvae
from Pennsylvania, Missouri and Florida were not successful,
either because éollea.guee could not find larvae, or t.hea‘r
collected the wrong species (e.g., Lestodiplosis spp.).
The following 11;31. describes the gleogra.phica.lwr&ces
collected for this ressarch. Abbreviations used in the text
‘are given in parenthesis before each description.
Laboratory Line \
: (FIN) A laboratory line, originating from Finland in 1871
(Tiittanen, pers. comm.), was received 23 August, 1982. An
’ ‘unknown number of adults emerged from the peat moss in which
A they were sent and eggs were obtained within three days vof

arrival. First generation larvae were laid on moist peat to

pupate, starting 1 September. Over 200 adults emerged in the

' second generation. This line became well established,

AN
maintained a stable sex ratio and was used throughout the

research. ) .
Wild Lines

Aphid colonies, common in fields and ro;sdsides, .«were\
examined for A. aphidimyza larvae (Gilkeson and Klein,
1981). Whe‘h, i&rva,e were found, the plant material was placed - .
in plastic bags and taken to the laboratory for sorting.. ’
L,e.st. instar larvae were either put directly on rqoist peat
moss in trays or into sample vials, Younger larvae were )

.Teared in plastic bags on additional M. persicee, which L

..,
¥

n

they a;p\pea,red to attack ‘as reedily as their original host

D os ?

o -
a2,
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aphids. When larvae ceased feeding and began wandering, they

were removed from the sides of bags With & fine, wet = -~

paintbrush and placed on peat moss. Initially, A.
aphtdimyza lines were kept in incubators v;ith LD 16:8
(2loC). Daylendth was increased to 17 h in late August,
1982, after problems ”occurrod with establishing wild lines,

which may have been due to a high incidence of diapause,

(ARBl) A total of 335 larvae wes collected 20 July, 1982, ,

from wild parsnip, Pasttnaca sativa L., near the

entrance to the Macdonald College Arboretum. These were kept -
in clear plastic boxes (4 x 4 x 4 em) until ready to pupate,
when they were either placed on & peat tray in & small cage
(28 x 28 x 28 cmT'xq?uin vials for observa.tion/. A second
collection of 61 ;lér\i\a,'e from the same site, made 27 July,

was added to the cage: Only ca. 30 adults, (sex ratio: 1
male:1.8 females) emergéd, pogsibly because last instar

larvae escaped or because of high mortality from disease
(larval mortalities of >30% occurred in some vials). .

A third collection of 135 larvae was made at the same

" mite 10 August. These were added to the ARB1l cage, except

for 91 larvae put in vials. 0f larvae in vials, 58%
diapaused; sex ratio of emerging adults was 111 The line
seemed well established by 20 September after two
generations, but t,he- third genersation, emerging 5~10 October

consisted entirely of males.

(QUR) Ca. 128 larvae were collected 10 August, 1982, from

prickly lettuce, Lactuca scariola L., along the edge of

a garden on the Macdonald College campus. From a sample of

20 larvae put in vials, 1 dispaused and 18 emerged (sex

W




e o

S 66

ratio: 1:1.2). This line became well established by

7. Saptember and was used for first year nondiapause

selection experiments. .

(DP) Over 380 larvae were collected 2’7"Augus'o, 1982, from
Canada thistle, Cirsium arvense (L.) Scopoli, at Diamond
Point, near Sequim, Washington. Only 20 adults emerged by
10-17 September, possibly resulting from a high pei‘centa,ge

'’ of diapause and larval mortality, which may ha.ve been
induced by the short days and low night temperatures
(10°C). The population was too small to maintain a
balanced sex ratio; only five fe/ma.les were observed in the
second, and final, gener;tion.

(BC) Ca. 250 larvae and eggs were collected 28 August,

1982, from cultiva.ied roses, Rosa spp., in Victoria,

B.C. Over 100 larvae \.ar“ere rut in peat the same day; the rest
were reared in the laboratory. First generation adults,
which began emergélng 13 September, laid numerous eggs,
however, the second generation consisted entirely of

females. ’ ;

(ARB2) A total of 218 larvae was collected 14-17 Augugt,

1983, from valerian, Valertana officirnalts L., in the
Macdonald College Arboretum. Only 68 adulte emerged (sex
ratio: 1:2), because 62% of larvae diapaused. Surprisingly,
despite high larval mortality (100% in some vials) in the
second generation, this line became well established, had. &-
stable sex ratio and was used in 1984-88 nondiapsuse L

selection experiments.

b}
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Bstablishing Wild Lines
Because all offspring from one female are the same sex,

it is a matter of luck, when collecting wild larvae, whether

or not enough female- and male-producing females are

obtained to maintain ‘s satisfactory sex ratio. Collecting a -

large number of larvae did not necessaarily gﬁa.re,ntee an
adequate sex ratio, but it probably helped. It is possible (
that laboratory conditions favored the inadvertent selection
of one sex over the other in sonum lines.

Collecting larvae early in the season is advisable to
avoid & high proportion of diapause. A portion of all larvae
collscted in August diapaused: By 26 July, at this latitude
(480 28’), daylength (sunrise to sunset) has decressed
to 15 hours (on 21 June, daylength is 18 h 40 min) and by 18
August, it is 14 h. Ev;an allowing for the addition of one
hour of twiliéht, natural daylength is <18 h by late August.
This is less than the critical photoperiod for dia.paiuse

induction in many insect species from this latitude

(Saunders, 1982).

.
.~ ‘Diseases in wild insects may present problems. High .

larval morte.lit}; occurred in vialse from initial ARB1 a.;xgi
ARB2 generations, apparently as a result of bacterial '
infection. Sterilizing vials and equipxjxent in' 8% bleach
solutions and storing foroépS' and brushes in alcohol
prevented further problems. .
Hymenopterous parasites were encountered in ARB1 and QUE
Jlarvae collected 10 August, 1982. £ single female -

Pteromalid, Gastrancistrus ap., emerged from a

28-day-old 4. aphidimyza cocoon. Three other cocoons,

[
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b
‘ sach containing remains of several wasps, were dissected.

S8ince this is the only time parasites were sncountered, they
are probably ‘not a problem. .
REARING A. APHIDIMYZA '
Lines of A. aphtdimyza were kept in wooden frame
cages (38 x 83 x 83 cm lang) oovereci with fine nylon mesh

(Figure 3.). Access was through a vertical sliding glass

front. A sheet of welded wire mesh (1 cm?), installed 7

~

cm sbove the cage floor, supported oviposition plants. A

plastic tray (30 x 44 x 6 cm) filled with'moiqt reat mt‘ass,“
which is an excellent pupation substrate, was placed Qin the )
bottom of each cage. When the glg.as was raised\,, the tray
could be removed, or last instar larvae could be placed on
the peat, without disturbing sither plants or resting
midges. T . -

«Aphid infest.eci oviposition iol_e.nts were left. overnight in’
cages with 50-1000 adult midges (ca. 16 h) so that all

larvae on e plant were the same age. The following morning,

. .JpPlants were removed and placed under "desired experimental

conditions for rearing larvae. It was not necessary to keep
plants with developing larvae in cages because larvae did
not leave plants unless they were starving, or until they

. K ;
were ready to spin cocoons. Carp was taken to provide

‘plentiful supplies of aphids during development and, if

" there were insufficient aphide on the original oviposition

ﬁl&nt, it was cut and laid on another aphid infested plant.
Larvae readily moved. down to new sources of prey. When

larvas reached last instar, plants or leaves were cut ‘1\

a
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Pigure 3. Rearing cage for A. aphidimy=a, Sliding
&lass front allows removal of tray without
disturbing insects; potted oviposition plants regt
on wire mesh. : '
L
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and laid directly on peat. As larvae finished feeding, they
burrowed into the peat to spin cocoons. '

Control iines were renewed by placing oviposition plants
in cages every 2-3 d. Thus: ca. 50-200 adult midges were _

" present continuously. Often, more eggs were laid overnight
than were needed to rTenew the colony, When that cccurred,
2-5 leaves were picked randomly from the'%viposition plant

and ‘all eggs on these leaves were reared, Peat moss in

control cages was renewed at s8ix month intervals,

0

-,



ESTABLISHING THE SAMPLING FPROGRAM
Suitability of Cotton Pupation Substrate .
It was necessary 1o devel.op a method of sampling. from each
A. aphidimyza generation to provide datea on incidence of '
'd.iapa.use and mortality as well as emergence. Although

‘emergence from peat could be determined, it was not possible

to obtain & reliable count of disapsuse or mortality by
sxtracting éocoons from peat moss. It was also extremely time
consuming to search in peat, even thouéh most cocoons were
within 2-8 mm of the surface. Because la.;‘va.e readily spun
coéoons'in dental cotton rolls put in rearing containers 'to
provide moisture, sa.xpple vials were set up with moist cotton
rolls for pupation substrates. As soon as rearing was well
established, emergence “fr;)m the cotton substrate was compared
to peat to find oﬁt if placing larvae in clear vials, where
[

they experienced more light during pupstion than those in
peat, had an effect on diapsuse 1nc1denca
Materials and Mzthods Three groups of larvae were : -
tested: 1) 383 FIN cont.rol larvae, reared under LD 17:7
(240), 2) 308 FIN control larvae, reared under LD 8:16
(21eC), 3) 378 FIN(ND) larvae from the F3
generation, reared under LD 8:16 (21°C). \

Groups of 25 last instar larvae were placed in\\ gﬁﬁll vials
(é ml), with either peat or cotton substrates. Peat vials had
1 em of moist peat moss pressed into the bottom; the bottom of
the vial was wrapped in black slectrician’s tape to keep out
light. Cotton vials had 0.3 cm pieces of dental cotton rolls

wedged firmly accross the bottom, Distilled water (ca. 0.5 ml)

was injected into the cotton with an eyedropper to provide
i 4

t

a



A D

v

{ e 1

au!_!‘ficient moisture, Using a fine, wet paintbrush, larvae were

. . " placed slternately in peat and cotton vials. \fia.ls‘ were sét

upright 1n holes drilled in thick wooden trays, to provide a
-darkened place for pupstion in coticm vials. Vials were

K temporarily corked to prevent wandering larvae from escaping.

Corks were removed daily for aeration and, after 2-3 d, when
all larvae had spun cocoons, corks were replaced with squares
of nylon mesh secured by elastic bands. Vials were then packed
in 'ounlt.ure dishes in plastic bages to ma.int#in high humidity.

EIN Vials were examined daily and, upon emergence, midges were
sexed and removed. After 21 d all cocoons in cotton rolls were
opened to count diapausing larvae and larval and pupal
mortalities. Because most pupating midges emerged in 11-16 d,

it was decided that larvae that had not begun pupsation after

’

s,‘-’- 21 d were in diapause. Rare individuallls th;.t were pupating at

- i the time cocoans were dissected, and. that may, thfarefore, have
f ' had a short diapause, were recorded separsately Da.s late pupsae.
) ~ Using these methods, fewer than' 1-3% of larvae were

un&ccoﬁnted for in each sample.
. Results and Discussion. There was no significant
difference (X"" test, p<0.05) in emergence from cotton or
peat substratea in any group (Table 2.). Midges in peat
emerged 1/2-3/4 day earlier than those in cotton. This is
consistent with the cbservatiomr that larvae immediately
. entered the peat when placed in vials, whereas in cotton
: vials, a few individuals wandered for up to two de.ys before
- spinnifxg cocoons. Despite the apparent preference for a peat
. pup&tion)dsubstrats, percentage of emergence weas the same from

peat and cotton, therefore, it was assumed that data on



TABLE 2, Effect of pupation substrate (cotton versus peat, moist versus dry) on dfapause and mortality of
A.- aphidimyza larvae.

j Comparison —_Comparison
Larval °Pupatton % % between . * between
Line Replicate regime 21°C) n substratel Emergence Diapause treatments? Mortality treatments?
FIN(ND) D 8:16 227 Cotton “84.6 3.1 . Ns3 12.3 -
250 Peat 13.6 - i -
FIN control LD 8:16 296 Cotton 43.9 44,6 °NS 10.1 -
. - 300 Peat 59.3° - -
FIN control LD 17:7 230 Cotton 1 79.6 0 NS 20.4 -
. 250 Peat 80.0 - . -
FIN(ND) LD 8:16 80 Moist 82.5 3.8. NS 13.8 NS’
) 95 Dl‘)' 82.1 8.4 4 9.5
FIN control LD- 8:16 95 - Moist 38.9  53.7 Ns " 7.4 NS
94 ODry ’ 30.9 61.7 . 7.4
- . . ) .
‘ y 64 Moist 56,2  37.5 N - 6.2 NS
) 99 Dry 53.5  40.4- 6.1
FIN control L 17:7 9  Moist 9.1 0 NS 8.9 p<0.05
-. 87 Dry 7.0 .0 . 23.0
“ 139 Moist 89.2 - 0.7 p<0.05 - 10.1 NS
158  Dry 4.4 17.7 :

1Cott9n substrate used in moist versus dry experiment.

2Chi-square test.

3Not significant, p<0.05.

N

171.8

L



_under LD 8:16 (R1°C).

27

‘percentage of diapause and mortality in cotton vials

accurately reflected the fate of larvae in peat tfays.

- — -

Dry m Moist Cotton Substrate s °

In sdmeée insects, moisture in the diet or surroundings

-

influences diapause ‘incidence. According to Ushchekov (1878),

dry pupation substrates increased mortality in A,

aphidimyza. To determine whether moisture, or lack of it, in

\ L

the cotton pupation substrate could affect results, the effect

-~

of .dry cotton on mortality and diapsuse incidence was.compared

o1 f

t0 moist cotton.

Materials and Methods. In the first replicate, two groubs

.' i of larvae from the FIN control line were reared, one under "LD -

© v

. 17:7 (24°C) and one under LD 8:16 (2loC). Along with'

the sscond replicate, a group of F‘IN(ND') larvae were reared

@

i
B

* When fully -developed, larvae were pla.éed. in vials with

'cotton dental rolls that were either dry, or had been & =

. moistened with 0.5 ml distilled vga.ter, according to methods

[

given ‘above. - , .

Results’ and Discussion. Larvae in dry condit.ior}xs spun
complete, tough, dark cocoons that were difficult to cut open.

This contrasted with the minimal, delicaté cocoons spun by ¢

-~

larvee in moist conditions.

Mortality was not significantly different (X2 test,
p<0.08) between moist and dry substrates for FIN controi
larvae reared under LD 8:16 (Table 2.): Although diapause -

e

incidence was siénifica-ntly different between replicates

(because of other factors discussed pg.138) it was not .

significantly different. between moist and dry substrates.

L]

Y

T
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In replicate 2 of FIN control larvae reared under LD 17:7,

diapause incidence was significantly higher in dry than in
moist cotton (X2=4.4077, df=l, p<0.05); in replicate 1, ) |

S

mortality was significantly higher in dry cotton~
. vo8 .
(X2=6.6040, df=1l, p<0.08) (Table 2) ‘ A .

. \ [

No ngnﬂmant difference was found in ‘either dmpa.use or |

mortality between moist and dry cotton in FIN(ND) la.rva.e under
LD 8:18. s "'
The higher iicidence of diapause and mortality under LD

17:7 may have been due to the higher temperature L 5

(24-289°C). Heat may have -built up in vials and de!i'ccated

larvae, resulting in & higher mortality than occurred in LD

8:16 at 21oC. Although the higher diapause incidence in s

dry vials under LD 17:7 was statistically significant in
repiicate 2, it is probably not of practical importance
because t:here was no difference in replica.‘oq 1. Also, in
replicate 2, diapause in dry vials was <8% higher, which is a -
small difference. It was concluded that moisture levels in tn.he
subsirate did not have a noticeable effect on diapause,
although under certain conditions it did affect mortality.

There was no significant difference in percentage of

a.dulis emerging bg day 13 from la.rya.l-ﬁupal ecdysis for any

group, - contrary to Ushchekov (1978), who reported prolonged

pupa.t,idn_ in dr:;"conditions. Leaving vials 6pen to the air,
rather than .sficlosed in plastic bsgs where humidity was
r'ela.uvely consta.nf., might give different 'result.s

It was conoluded that a moist; substra.te was best, but- t,ha.t.
level of mowtuo;e was probably not entxoo.l, because dry

cotton gave similar results.
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Figure 4. Rearing and sampling plan for nondispause ‘and
control lines of 4. aphidimyza.  All . .
Zenerations of nondiapause lines and sample plants
from control lines, reared under LD 8:16
{2190). s
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Sa.mpli.ng Procedure for Ba.ch Genere.uon

o

D‘g,r:.ng the first year o‘f resee.rch £200-300 mature lerva.e
from each generation were randomly collected from all

. 0 N
oviposition plants, over a 2-3 d period. Because fresh <

. oviposition plants were placed in’ cages daily for 3-4 d,

o

sample larvas could come from egds laid on en)Qf those- .

~n:18hu- * KA

After it was found that development time of diapausing
- 14-‘ L

la.rvee was significantly longer by almost a ‘day t.ha.n that of

nondiapsusing 1erva.e (pg.120 ), the ea.mpling procedure was

‘ che.nsed ,to evoid bia.a in eemplee resulung from oolleotmg

only early Nmeturing larvae. Beginning with Fis of

FIN(ND), one of the four ovu;om.uon ple.nts from each

’

- deneration was randomly designated t.he "“check' plant (Fa.gure

4,). All larvae (200-400) from this plant ,werﬂe reared and
collected in vials over a 2-3 d period. If more egge had been' -

laid on this plant than were needed, 4-6 leaves were picked
, v i -

randomly and all egge on these leaves weré reared. On the

- ~

) sixth day of larval development, the entire ''check” plant,

bearing last instar larvae, was placed in. an inflated plastic -

bag (29 x .34 cm) -together with & supply of aphids. Thus,
larvae ‘rea.dy to spin cocoons could not wander away during the
lut riight. of lei‘v&l development. Mature larveae were eol’leoted‘
in vials the following mom:mg, ‘and t.hoee not ready to spin
oocoona were ziven more aphids end ret.urned to the incubator

t,o continue feedmg The sa.me sa.mpling procedure was followed ’

in a.ll experlment.s in Whlch d1a.pa.uee mo:.denoe was determxned

~ A

for le.rva,e reared under various. conditions. -
i Vd

nm, ‘ . - . 'y
§ - N "-‘
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; - STATISTICAL TESTS o
\ Results of experix_nents were analyzed using analysif of .
‘variance (ANOVA) and X2 test for heterogeneity where ‘-,

" appropriate. Pe;raon's product moment eorrelation ‘coefficient
_(PP);C) (8AS User’s Manual, 1982a; pp. 500-304) was used to
determine correlations in data within lines and between -~ .

e " lines. The 103 Iiniear Thodel for ca.\ggorioa.l data (Sokal and

&g .
ol Rohlf, 1981, SAS User’'s Manual, 1982b h\275-—286) was _—

3

g . applied to relaxed selection results. Mea,ns in the release .
N rates sxperiment were compo,redq using Tukey’'s Studentized

range. test -for va:riable (SAS User’s Manual, 1982b; pg. 12%. . .
A Tune senes analysis (Loeendre and L€endre. 1983, pg. 361) RS

@
PO

was per:formed on FIN(ND) data to check for cycles in dmpa.use

[y

B SO —

' incidencs. In all tests, the level of significance was egt at

Y
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* , ) ’ Q=o.05. ) . T . ‘h\
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SECTION 3.

GENETIC SELECTION OF NONDIAPAUSING

APHIDOLEBTES APHIDIMYZA

3 N

"

. \ >
The following section describes genetic selection qif
nondiapausing lines of 4. aphidimwvza and the Fve.luiion

of nondiapauss and control. (Unselected) lines with respect to

morphology, sex ratio and fecundity. The effect of relaxing

L

selection . pressure on diapause incic%ence and the inheritance

of diapause in 4. arhidimyza are examined, followed by a
\

series of experiments investigating the relationship between

rate of larval development and diapause 1incidence.

The, possible. causes of large fluctuations in diapause

response from generation to .generation were also studied,

) including the influence of aphid host '‘plant qu&ﬁty on

'diaiuuse in 4. aphidimyza larvae.

The concluding chapters describe nondiapause selection

L]

experimenis under fluctuating thermoperiods and the testing

& nondiapatse lines under winter greenhouse conditions.

il
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GENETIC'@LECTION OF NONDIAPAUSE LINES

Once 4. aphidimyza lines were esta.bhshed in t,he
laboratory; selection for nondla.pa.uae’ was underto,ken.
Materials arnd Methods. In & preliminary studywt:}xe same
percentage of FIN larvae (80-90%) dispaused under LD ‘12:12,
LD 9:18 and LD 8:16 (21°C). Therefore, lines selected

for nondiapasuse (ND) were képt conﬁnuously in a large

controlled environment ’cha.rﬁber under LD 8:16 (21°C).
This photoperiod regime was chosen as the’ ta.rget
"photope;iod without diapause' to perm:.t. aelect.ed hnes‘to
be used durmg the shortest da.ys (8 h) as far nort.h as
500 N latitude. T_h1s is a.pprox1ma.tely }n line with the

. Gaspe Penninsula (Que.), Regina (Sé.sk.x):f, Calgary (Alta.),

’ and the Fraser River wvsalley (B.C.); it encompasses most

.x\\C&na.di&n greenhouse regions. The shortest winter daylength
G

’

in Montreal (lat. 45¢ 25’), where this research was

conducted, is 8 h 44 min from sunrise t0 sunset. Because the

»

o photosensitive threshold for A. aprhidimyza was not known

at the ’;.j,me, civil twilight was not 'included, in calculating
miﬁimum winter daylength.
Nondiapause séleotion_ was accomplished ‘by breeding onlyu
from adults that emerged without dia.pé.upix{g under §hort day
éonditions. The péa.t m S8 éuiostra,t.e, containing dia.pa;.using
,larvaé, was discarded a Aea.él} genere.’tion (21 d) to prevent
indi.vidua.ls that had di‘a.;;fu‘sed from mating with nondiapa.gée
‘adults of a later generation. . ' ’ o
| Five nondiapause 1ir;es were selecteci: t'.w'o FIN l;lneg, twwo
QUE 1lines Aand orie ARBZ2 liné. Enough larvae we‘re reared

\(>100<|)) to ensure that >200 adults e_qu"geduin F "



t

AN

! .- ~ g3 .

«

genera.t,ions. YJhich was aufflclent. to est&b}mh selected
linea without intense 1nbreeding The first 328 genere.nons
ccsmprmed 200- 500 a.dults Later genera.m.ons comprised >1000

\\
a.d.ults, beca.\mle diapause mcxdgnce was low and most of the

1000-2000 la.r\r%e reared pgr generation pupated. _ f}" ’
Ca, 200-500 -larvae from each nondiapause generation ‘were

placed in umpl.e vials, whicoh were examined. daﬂy After
i

~ 21 d, cocoons roma.inmg in cotton were dissected to

det.ormine whether they * oont.a-:.ned dispausing larvae, Jate
developmz Pupas, dead 1a.rva.e or dead pupae.

Up to August, 1983,gd1a.pauae incxdenoe in control linées |
was checked occasionally by rearing a sample of larvae under
. LD 8:16. Freayent sampling from c;mt,rol lines begdan after
):'o,n.Eiomqcl:meck:sD showed that diapause in the FIN control lines
had - dropped from thé initial 80-90%. Afnt.er August 1983,

oviposition plants were placed in control line cages on the

" 1same day plants were put in nondiapause line cages. Plants

from the control cages were moved to LD 8:;16 the following -
morning and .larvae were reared and collected in samiale;:' vials -

undér the same conditions as _larvae from nondiapause lines
v oo
(Figare 4.). SR © : IR
Pearson’s product moment correlation coefficient was
s /

used to determine correlations between percentage of
) ' E]

. diapaude, late pupation, larval and pupal mortality,
t i

s percentage of adults emergmg by day 13 from la.rva.l-pupa.l o
ecdysis a.nd ratio of two kmds of females in the generauon' v
To compare pupal durations, the percenu{ge of a.dults c~

emerams by the 13t day after la.rval~pupa.1 ecdysm was ;0 F

/ -
uspd, rather than time to 50% emergence, because emergenpe":

L} h 7.

B
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\ for nondiapause larvae during field collection or may

- [

S

‘is not conti:nuous over the day. Adults emerge 1-2 h before

onset. of darkness, phezqfore, those counted in vials every

morning had all emer

84

at’ about the same “time the previous

evening. It was assumed that the ratio of male-producing to . .

female-producing females ‘ in a ¢epero,tion was ghp same ’a.a' the

sex ratio in the follawinc genera, ibn.
Results and Discussion. Results(of nondiapause

.- solect.ion are discussed sepa.ra.tely for ea.ch line, All ~

LR

denération datas for control and aeleoted lines is included.

in Appendix,B; & summary tor all lines is given m Table :5 .

rntam) gl?icuro 5.) Fifty ¢enera.t.iona were rodred undor LD
8 16. There was a nea,rly linear deorea.ao in dia.pa.uoe of 18%

per generatioh in the first five generations. Diapause

g

incidence averaged 11% for Feé-Fso, which was
significantly lower (ANOVA, F=46.6, dfsl1,79,,p=0.0001) than

’the mean of .48% for the FIN control line. Deta.lled o

&
eva.lua.non and genetics experiments were: conduct.ed on this
line.‘

FIN2(ND) (Figure 8.) Selection of this line from the FIN

L)

&'\w\

h]

control line began five months after t}eginnging selection of

FIN(ND). 8ix' generations were reared, snough to demonstrate -
. “ Y

nondispause selection from 36% diapause in Fi, to a
.Jmean of 11% for Fz-Hs.

QUE(ND) (Figure 6.) Percentage of diapause decreased.
O

rapidly from 61% ,to 3% over the firsj

a mea.r{ of 3% for Fs-Fg. inOW initial diapause

. ' . . . s ..
incidence may have been a result of inadvertent selection

~

. s ) \ - @
reflect a weaker response to short day photoperiods as a cue

A

five generatgons, wij.h
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represent exact 95% binomial confidence limits.’
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- 89
for diapeause induction compared to FIN lines. Only 1 male
(to 130 females) emerged in sample vials from Fs,

t.here:cfore, ca. 20 males from the QUE control iine were added
to the cage. When only females emerged in F9, 'no }
further efforts were made to continue this line.
QUE2(NQ) (Figure 6.) Selection began simultaneously with _
Fs of QUE(ND), after sex ratio became a problem. Sex
.ratio in QUE2(ND) remained. stable (mean of 1 male:2.9
. females) for 10 ‘generations. Diapause incidence decreased an
avera.;e of 18% per generation for the first 3 generation,
and averaged 6% from F4~Fi0. Although a promisihg
line, it was discontinued in favor of FIN(ND), in which sex
ratios were-* al.lwa,ys st,a.ble,P when it became necessary to
eliminate some lines to begin esvaluation experimen:t.s.
ARB2(ND) (Figure 7.) Selection for nondiapause began after
the ARB2 control line had been rearsd as part of another
research project 'for 1l months. During -the first seven ’
months, dia.pa.useﬁincidence in the ARB control line averaged
69% under LD 8:16, then began to drop. Duriﬁé the second‘
year of rearing, diapause in ARBZ control averaged 33% under
LD 8:16, significantly lower (ANOVA, F=20.84, df=1,2l, *
p=0.0002) than ‘the first year. The mean of 23% diapause for
14 genera.t:iona of ARB2(ND) was lower, but not signi'fica.ntl:‘r
80, than the ARB2 control line (33%) during the samie period.
Although there was no clear xjesponsde' t.o nondia.pa.usé
selection in the ARBZ line after a year of laboratory
rearing, the awift decline in diapause incidence in FIN and
QUE linesu under nondiapause selettion was similar to résults

obtained in other insect species (c.f. Barry and Adkisson,

o
[}
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v

Figure 7 Percent diapause in ARBZ lines of A.
aphidimyza, reared under LD 8: 16" (21C). oo
FIN control line date included for comparison. :
Vertical lines represant exact 98%° bmom&l
confidence limits. ; ‘ ,
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1966; Lees, 1968; Glass, 1970; Herzog and‘Phi;Llips,d 1974).
Possible causes of inadvertent nondiapause selection in
control lines are discussed on pg. 136.*
There was a wide variation in percentage of adulte
emerging by day 13 in both FIN and ARBR -nondiapauss and
‘—control lines (Tsble S.). The means for FIN(ND)'(46%) and
FIN control (49%) did not ciiffer" significantly from each
other, nor did means for ARBR(ND) ‘244%) and ARB2 control ]
(46%). The mean for FIN2(ND) (68%) was not significantly = .
different from FIN(NDY. ‘Thq__ QUE}Y('ND)‘ line was significantly
elc;wer to develop (ANOVA, F=1’8.72, df=1,14, p=0.0007) .tha.n.
the FIN(ND) lines; with only 4% exherging, by day 13. The
Q’Uﬂ(ND) lme, started ‘three mont.hs later, developed much
faster than QUE(ND). with & mean emergenge of 58% on day 13.
"This may refleot the rearing me‘t,hod used during the first
three months, which was biased towards offgpnng of the
ffz.ret adults .to emerge. As soon as the first m:,)clges were
‘present, egge. were collected \\‘mtil enough were obta.ined for

AN

. the next generatmn To a.vow.d (-further inadvertent selection --
\

for ee,rly emergence during aubsequent. genera.tlona, plants
" were not put into oages for ov:.pomuon uritil audulte had
been present for two da.ys Thus, eggs: were. obta.lned from a.a ‘
many different feme.lee as poanble Intereatmgly, it was

the slowest, developi‘hg l:.ne, QUE (ND), that died out due to

A

'a.n. extremely unbo,la.nced sex ratio. It is not known, however,

+

whether t.hese facts are connected.
. Although oorrela.nons (PPMC) were run on a.ll data from v
ee.ch hne, only significant correla.ta.ons are given 1n

Ta.ble 4, Nega.nve correla.uons bet.ween d1a.pa,use 1n01dence
l’ 4 2]

“ B -

N

-
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TABLE 3. Means of data from all lines of A. aphidimyza. - . - . L
Number of *~ - ‘ . L‘ate'. © % Mortality .Sex ratio . Emergence .
Generations “Line, "~ * ' ¥ piapausel pupation . larvae = pupae L3 by day 13 '~
or Samples . RN ‘ ) N Lo > _ _ ,
& . .. X%SE . X#SE - x*SE X+SE X #+SE
' » T n‘ . ' — = - - - '
30 FIN control? . - 484 %44 2.7 0.5 - 2.2 +0.3 2.4+0.2 1:2.5 +0.9 49.4+9.8
- 50 FIN(ND) Si1.1 + 1.8 34 404 3.0 +0.2 45+ 0.4° 1:2.5 + 0.2 46.1 % 3.5
£ 6 T FmNe{ND) . ., .7 "10.h+2.3 7T 2.5+0.8 ‘2.8 ¥0.8 41+0.9° 1:2.7 + 0.4 68.2 + 3.9
9 QUE(ND) ' C 31312 11+05 3.0 +1.1 5.6%1.4 1:46.0 +20.1 4.5 %2,
10. - -QuE2(ND) . 6.<l ¥ 0.8 2.5 % D S 3.4 +0.6 4,0+ 0.8 1 :3.0 + 0 6 58.4+6.8
9 ARB2 control {yr 1)3  68.7 + 6. 6 2. 8 £1.9. 3,7 +0.9 .3.1+0.7  1:1L 4 + 9 8 6.2+24 ‘
13 ARBZ cortrol (>yr 1) - 33.4 £3.8- 13807 24 £0.2 3.540.6 1:1.6 +0.2 45.9 +6.4°
14 ARB2(ND) 23.1,1 5.0 5.1 +0.9 .27 x0.4 4.310.6 ;1:1.§ 4+ 0.3 44,0 + 6.2 *‘ﬁ-
1 In nondia ause-selected lines, ¥ + SE calculated after diapause incidence appeared. to staQﬂize EIN(ND). F5.;(50; .
mz(nn F2-6; QUE(ND), Fs_9; QUEZ{ND), Fq-10; ARB2(ND), Fl 4] . ‘ ‘ RO
2 Data from samples matching FIN(ND) generations. o - L Lo oL , e
3 First year of rearing, before nondiapause selection started L e : o
. ) ‘ @ l
. . ; . w
. 7 :: - 5 ,; P o -
-, 3
¥ - f
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. TABLE #. Correlations in data from
_reai'e_d under LD 8:16 @1°C

®

*

S
~eowd

>t

generation to generatioﬁ tn ﬁﬁs of A ncﬂiiﬁ!‘!~ 3, -

g

w .

PR N

1 “
N
S

N

Number Correlation between {:orrelaiion-’ between -
T of % diapause and % diapause and -
~ Line Generations % emerged by day-13 % pupal mortality
) - ) S 1 - s .
. r p r P
", FIN control 30 -0.2843  0.1278 -0.5671.  0.0011
S . ‘ .
"FIN(ND) 7 50 -0.4822 0.0004 -0.5096 0.0002 .
. QuE2(ND) 10 0.6467.  0.0433 -0.5949  0.0697.
'ARB2 contfol, 13 0.4628  0.1112 " -0.6412 .. 0.0182: |, -
ARB2(ND) . 14 -0.5363 0.0480 -0.4734 © _ 0.0875
. 1 - . = : ’
REL2 12 -0.2382 0.4559 -0,7622 0.9040
' : 1 Pearson product moment cor:relatiori' coefficient., B - ) '
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and percentage emerged by day 13 ocourred ‘in ndhc@iapauaé" L

lines, - bu’t. not ocontrol lines; the implications of 'this are

discussed on pg.133.Diapause incidence was negatively
correlated, either significantly (p<0.08) 01; moderately

(mo.l), with pupal mortality in all lines. This is not -

surprising, since a lower diapause incidence means a higher

-
1

pmmﬁion of pupae were present. Larval mortality did not
increass, however, when dispause increased. In vials with
.only dio.plg.use la..rva.e, mortality was extremely low or zero,
‘;Nherea.a- in ' mixed vié.ls i{' was higher. Although there was
li,tt.le‘ difference between mean larval and pupal mortalities,
it ap'pe.e_.rs ‘that most fatalities occurred in pupation o
oriented larvae. Because pupstion requires "switching 6n‘” a .
new sel of genes, it is probably more frequenty fatal.
‘/ 'It is likely that selection for low diapause incidence,

under LD 8:16° (210C), succeeded because the

genotype(s) resulting in nondiapause under these conditions

occurred with intermediate (ca. R0%) fregquency in the

parental population. If nondiapause had been a rare trait,

selection would have been unlikely to succeed (Falconer,

1981).
a . 1
The fluctuations %menwge of diapause from

~ ~generation to generation show that the nondiapsuse trait was

~

‘not in equilibrium in the FIN(ND) populstion. Because

diapsuse persisted in the population, even after 850

AY

.-generations of seloction, it is unlikely that & completely -

diapsuse-free line of 4. arhidimyza can be oﬁta.in\ed
- )

using these methods. This may be because ‘di&pau%e is a - -

[y

—

'L’hreshola character; there is an underlying continuous .
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variation, or liability, which jis both environmental and .

gene't.fc in . origin, with a't}iregbold at some point dividirg (
the population into \t.vyo phenotypes (Falconer, 1961). Within.
these two groups are ’indiv&i.dua.ls with different liabilities,
but as long‘ q.é individuals are “in t.hfe degired phenotypic
class (e.g, nondiapause), artificial selection canriot '
distinguish between them, Some in&ividuais with a relati&ely
high lia.bili'ty to dia.pa,usé' could be present in & '
nondza.pa.u?ng popula.mon, perpetu&nns d:.a.pa.use "genes. ' The
persistence of diapause after ma.ny generat:ons of selection
may also have tieax_n‘ because individuals with low liability  to
dia.pa;usé were se}w§w against. If low liabiity to diapause
wasg a.séoeiated at the genetic level with dis&d;/antaéeou's
bshavior (e.g., slow Ila.rva.l feeding rate, poor searching
ability) o;-' poor environmental adaptation, then they would’
be at a_ selec‘t.‘i*:e disa.dya.nta.g; éompa.red to nondia,pa%use
larvae with\ a higlfer lia.bilits} to diapause. i
‘x;, 14 yaars, one might, expect greater variability in
dxa.pa.use response between individuals in the{ populatmn as a
result :of random genetic drift. Those individuals with low ‘
liability to diapause would not ha.venbeen eliminated every
4-% denerations as occurs in nature év%ry fall. The wild
lines that became established in the laboratory, however, .
‘exhibited a.’ similar, or.lower, dia.pa.uae incidence under .
LD 8 16 (210C). Thus, the lack of dla,pa.usa selection in

the long-running laboratory line mmay not have affected 't.he

equilibrium level of diapause genes in the population.

96

Bec&use the original FIN line had been a' laboratory line
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- MORPHOLOGY o K : |
Ad.ults were exemned for poeslble ohe.ngee it externa,l .

‘morphology tha,t rrgght. result from mbreedmg, genetic drlft ) \ ‘

or seleetllon pressure. . F ' ;," coe

’

Materials and Methods.. Samples of 20-30 adultse of both

sexes were taken from each generation of nondiapause lines C

B
N ’

and periodically from control lines. Specimens were = .

s ¥

preserved in 90% methiyl alcohol a.’nd exa.mmed under t.he

e s

‘

Result.s and Discussion. No morphological d1fferencea

3

were found. Re}&tively large populations were maintained for

‘most generations, which provided a large gene pool and . '
prevented excessive inbreeding. Detailed examination of "
" ‘ - o
FIN(ND) specimens was distontinued after 21 generstions. . T
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' SEX RATIO -

It wes inmportant to nionitor sex ratio in 4.
aphidimyza beca.use severa.l w11d hnes had shifted t.o a
slndle sex: under lo,bora.tory rea.rzne. As in‘many other -
AOwldomyiidb 4. aphidimyza is monoiem.c, 80 a.ll (
'offspnng from one female are oi’ tho same sex (Sell 1976).
Therefore, it ia possz.ble t.ha.t. art.:.ﬁcia.l aelection for
nondiapause could change sex ra.t:.o if it a.ffec‘t.ed

ma.lo—producing and female-—producmg fema.les th;t’erently

. lh.teria.ls and l(e‘r.hoda. Sex of a.dulu emergmg from

»

aa.mpla vi&la was recorded daily and used t.o ca.lcula.t.e sex .

\ra.uo for ewh deneration and to determine emerg_enoe curves

for each sex. -0 ) _, »

Results a.nd Discussion. Mean sex ratio for all -

El

genere.nons of- FIN (ND) and ’FIN control averaged 1 ma.le 2.8

fema.les; mean for the 8ix generations of FIN2(ND) was 1:2.7-

(Table 3.). this agrees with the ratio of 1:2-3 reported by -

' Ushchekov (1978), although it differs from the i1 ratio

reported by Sell (19876) and the 1:1.7 ratio reported by,’

. Uygun (1971). Variability from generation to generation in

sex ratio of all FIN lines was simila.r, with the exception

of one. FIN cont.rol sa.mple collected 9 May, 1985 (1:28). Mea.n

* sex ratio in the QUEZ(ND) line was 1.3, a.nd appseared - to be

y
quite sta.ble,‘ unlike t,he first nondla.pa,uae line, QUE(ND), .

which ended in 100% females after 9 generations. Mean sex

- gatio of ARBR(ND) (1:1.8) wes similar to that of the ARB2

§

4

control liﬁe (1:1.8) during the same period, although during

“the previous year, before nondiapause selection began, sex

N
3

.ratio varied widely from 1:1.2 to 1:90. It appears that if ~

1

98_.
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4

* wild colonies did not, shift t0 a single séx during the first .

fow gene'ra.t.ions in the laboratory, then s"ex rén.io beca.:pe
more stable with time. Thz.s is consistent. with the
obsarva.uoz; rt.ha.t wide, random fluctua.uons in gene L
frequencies ocourring in smsll populatidns tend to requ,;zh
equilibrium aft.pr several generations of random mating -
(Falconer, 1981). A sex ratio biased toward females is
unusual, howsver, Hamilton (196'?) draws & parallel between

0

the unusual chromcsome cycles found in Cecidomyiidae, in .

" which pa.t.orno,l chromosom.,a are ellmina,wd and a.rrhenotokous

modes of reproduouon, in which males a.re haploid. In

D

*  arrhenotoky, -female biased sex ratios predommat.e, with sex

_ot offspring - dépendent 01; the phenbt}pe of fem&les. It 18
‘:t‘urthe/r cf;a.ra.cterizod I;:y early gmergencél of ma.les; the‘_ ‘, :
ability of males’ to mate many times, and the capability %of
fema.loa to store sperm, all chara.cterist.icé of cecidorﬁyiiq,é__ N
such e.s A. a.phtdzmyza {Hamilton, 196'7) . e .

t

The ea.rheat emerging ‘adulte in a sa.mple are usua.lly

N

“males; and, a.lthough time to 50% emersence for both sexes 8

-
N

»

.s1m11ar (FRigure 8.), the sex -ratio of adults emergms on
each day changes, which ma¥y a.cc0unt.\ for some of the . \

va.ria.tion in sex ratio reported “in t.ﬁe literature. 8ince sex

" ratio ‘also varies from gonora.uon to generation, -reponts m N

* the literature based ‘on one genera.uon or on sma.ll sa.mples

lma.y be m.ialeading S ‘ ' _
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. 1983, a.fter 18 generations of selection, a.nd again in 1984, _

S " ’ .. '
REPA 102

. FECUNDITY . | ,

To determine whether fecundity had been affected by

‘nondiapause selection, ‘the number of eggs laid by individua.l-\

females from FIN(ND) and FIN control lines was compo.red in _
3, o

after 31 generations.

l(ateri.a.lo and Methods., Oviposition cages were assembled
from, gle.ee lamp globee (11 cm diam x 18 cm hlgh), covered

wn.h nyloﬁ mesh a.nd set in heavy glass culture dxehes
&

el

(Figure 9.). The importance o:f‘ cagoe desggn is demonstrated

by the fact that most females died in preliminary -~
experiments’ ueing cages with hurricane lamp chimeeye instead
of  globes, bece.uee they were ca.ught in condensed drople't.s on

the chunney ehouldere Adults for t.este ca.me from FIN(ND)

N i »

nd FIN control larvae pupe.ting in individual vials (4 ml)

with squares of moist filter pa.per (0.5 cm) on the bottor_q.

—
7

Upon . eqlosion, one *{ema.le and three me.lee were relea.eed. in

each cage. When insufficient males emerged in’ v1a.ls, - e

a.dditigne.l males were added from inain cages to ma.ke up the
< . 4 Y ! - :
t.otal of three ) ‘ ' - S

v . Green pepper 1ee.vee with similar levels of a.phid

‘infeet.e.txon were cut from hoet pla.nt,e The. pemole of éa.ch

" leaf was inserted through a ;ht in pe.ra.ﬁlm oovermg a.

vial (8 ml) of distilled water, and one }ea.f at-a t:.me wa.s

placed in ea.ch cage for ov:.poen.lon Leaves were remo'ved ' a.nd
replaced by gently lifting globee wn.hout dleturbmg a.dult,s
resting - on *t.he gla.ss »All eggs on both leaf surfaeee w@re

qounted under 25x mun;fiea.tzon Egge d1d not. hatch ‘until

i

the thu& da.y, which me.de it poeszble to replace leawes :
4 . " * . L \

-y
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Figure 9. Oviposition cage for individual females. Glass a ™
globe is raised to replace oviposition leaf. .
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o and esca.pea resultmg from handling.

ovaries were

L
N B

105

every two days, rather than. da.iiy, thus minimizing mortality .

I'4

Ca.ges were ma.xnt.aaned unt.:.l* :t‘ema.les died (ca. 10 d),

-whether or n,ot eggs _were la.ld ‘beca.use it had béen obgerved

t.ha.t toward the send of their pviposition period, a - pause of -

e

one or two days could occur bet,ween penods of oviposlm.on.

Most males ‘died within -4 d and nore’ were added only if

females had not begun to lay eggs:. In 'preliminary work, it ...

Y
M

wa.s found tha.t once mated, females-would continue laying

eggs throushou-t. their hfe Spa.n. a.lt,hough lat.er eges wpre . ‘

" not vmble Wus fema.les wez‘e maited a.gain Bges were rarely -

" laid the ﬂ%\t.é night o.fter eoloaion, probably because
e

jaying the 8ec;:vnd pight.

"In 1983, FIN control females in oviposit.ion cages were

kept in LD 17:7 (21¢C) . and FIN(ND)

ot developed (Pritchard, 1961), but most began

-

females were kept. m .

LD 8:16 ( 2100) In 1984, bot.h groups were Kkept -in LD

8 16 (RloC) 1o conserve mcube.tor spa.ce This is not

likely' to - have a.ffected fecundn.y,

a,ccordlng to Bx‘adovské.ya. ',3‘

,

(19'7'7), who found tha.t ,there was httle dlfference in

‘
-

fecundn,y of fema.lea kept under 10 h and 16.h photophases -\}

(20°C).

O

Two other ovipssition tests were conducted in 1984 under

»

conditions simulating winter gresnhouse environments.
- D S

® -

Females from FIN(ND) line wers kept under LD 9:18 with

'2loC day and 18 or 150C night temperatures.

Thermophase was two hours shorter

&

than . photophase (pg.164) .

Results and Discussaion. ‘Selection for noﬁdiapa.use did

y

‘not b.ffeet, fecundity (Table S.). Thexe, was. no 'significant

\/
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. TABLE 5.

Ctnparison of fecundity tn A. aghidiﬂza fro- FIN(ND) and FIN control ‘Hnes.

o I A S e VN
%

e L

- AN
s N

significantly different (p<0.05).

1

\

" 2 Reared u'nder LD 9:15, TC 21:18°C.

* 3 Reared under Lb'9:15. TC 21:15"(::.'

v

¢

3

, T Number of. . Egg o A
: 99 Yaying . production Life span (d) Number of %%
Year - Line . eggs ] - - not- -
oL . " {x 3 SE) (X + SE) - laying eqgs,
- - N _‘ . ‘ ~ . - ’. -
- 1983  FIN control . 23 - _ 98.5+ 8.8al 6.6 +.0.5a 5
© FIN(ND) 22 1094 % 7.6 7.6+ 0.6a 6
1984 FIN contro} 26 156,6 + 11.3b -~ 10.8+ 0.92b ' .16
: FIN(ND) 28 163.7 + 10.4p , 8.9 + 0.4b 1
N - . . U ~ - ‘4 .
FIN(ND)Z . . 10 98.3 +13.7a* 9.8  0,6ab 4 -
* FIN(ND)3 i0 - . 118.4.% 10.1ab ©10.1 % 0.6b 2

v

- 1 Means comparisons using Tukey 3 studentized range test:. Means with a common’ tetter are not

90T



21:18:C were not significantly differeht from each

' N - . ‘ q ! . * . .10‘7‘

difference in mean numbgr of eg‘gs ver . femg.le between
nondia.po.use and control lines, at constant 21°C, in
"either_ 1985 or 1984; . ovipositiog curves w'ere na.l#o. véry
similar (Figure 10.). "Mea.n number of i gg‘s rer female,
however, was significantly higher in 1984 than 1983 for both

lines (ANOVA, FIN(ND): F=18.3, df=1,49, p=0.0003; FIN

_ control: F=15.9, df=1,47, p=0.0002). Nutrition of 4.

aphidimyza larvae can affect fecundity of adults (Xuo,
1976/77, 1982; Havelksa and Ruzicka, 1984) therefore, greater

skill in ma..és—rts_a.ring later generations may have resulted” in

better quality adults. This conjecture is suppdrted by the

" significantly longer life 'spa.n (%=11 d) among FIN control

females in 1984 than in 1983 (%=7 d) (ANOVA, F=14.6,

df=1,47, p=0.0004). . - ' e

- The *number of egds laid under TC 21:18°C.and TC

v

-

other, however, number of eggs per female fn both treatments

. was gignificantly lower (Tukey’s studentized range test,

.p$0.05),' ptha.n under constant 21oC. Life spans were not
significantly ‘ differeﬁt.

There was an extremely wi;ie range in number of cajg‘gs~ per
female (12~2'76N) from both linés. Since the environment was
uniform and sufficient prey were provided during larval
development, dif;erences in genotypes of individua.} females
m&y largely account for the difference. In 1984, 20-30% .of
females, from both FIN lines, laid >200 eggs (LD 8:16,
21°C) and 23% of FIN control females lived >15 d (one’

female lived 24 d and laid 276 egds). This is a large enough

proportion of the population that gensetic selection for

2
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'( lines with l';igher fecundity and longevity might succeed.
Although most .females did not lay eggs uniess matéd, a
.. Tew virgin females did eventually do so. They la‘,i\d up ‘to 60
eggs, usually in larde ha.pl:xa,za.rd clumpé,; unlike the norma.l'
. pattern of ‘oviposition, in which eggs are laid singly ¢or in
) small clus‘t;ers. It was also observed that indi;ri‘dua.l females
exh’;ibit,et; characteristic oviposition pa.ttie.rns, ‘some ‘leavihg
only singl(e aggs, others leaving groupé of 2-5. One female
. 1laid eggs only on the upper surface of leaves.
. An average of 23% of females from both lines never ‘la.id-
eggs, despite repeated releases of males. Dissection showed
‘that their ova.rie;as ,coritai.ined ca. 40 developed eggs, but no

}

satisfactory explanation was found for their inability to

{ s

A%
o;fiposit. Bradovskaya (1977)- foqnd that the proportion of
-fertile females varied-with temperature and photoperriod,
with ca. é% of females being infertile under LD 16:8 and
?0-2500. 'In preliminary tests, I found that 12 of 14 ,

¢ females (86%) kept under LD 17:7 and- 24-280C for

Pupation never. laid edgs.” Temperatures inside vials may have

-been higher, so it is possible that high tempex“atu:res ‘

regatively affected: femﬂin&. This is supported by

| Bradovskaya (1977), who found .'c.ha,t ce. 40% of females were

infertile a4t 30°C, regardless of rhotoperiod regime.

The infertile females obtained from’ larvae reared at

210C may have been affected by this temperature, they

n‘la.y ‘nbt have been sufficieﬁtly mated (é.lt\hough live males

were always bresent)-, vo;' ‘something sbout the cage

environment meay have inhibited oviposition. Another -

possibility is that the absence of a crepuscular period,

-
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which, according to some researchers (Tiittanen, pers.

3

comm.) is necessary for successful oviposition in A. .
aphitdimyza, affected some females and not others, Because
numerous ég'gs_‘ were laid in incubators, without a pe;‘lod of
dim th£ before full da.rkriesls, fio provision was made for T

such a period, which would have required installation of .

\

- - I3 < 3 - ' - .
.additional timers and lights in.-all incubators. N R
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Two" tests ‘were conducted to fmd out whether daa.pa.use

~A‘inc>1dence would 1ncre&se in the FIN(ND) line when selection

pressure was rela.xed ' . i g
Ma.tena.ls and Met.hods. The first line (REL1), begmnins
with eggs from Fis, was rg&red ft_:r 10 genera.uons. The

‘”Becond line (REL2) started Wiﬁp eggs ‘fro;rlu +Fzz and was:

.reared for 12 gerierations. | '

' To begin each relaxed select;ion line, ca. 1000 eggs on
bvn.poeznon plants were tg.ken f‘rom the FIN(ND) cage and ‘
pla.cod in LD 17:7 for la.rva.l developmant. All genera.uons of
-RI!ELI, and the first four goneration{s of RELZ2, were' reared in
Clima.toria under 24-28°C to‘ shorten genex;a.tibn time. ‘

Later RELZ2 generations were reared at 21°C to coincide:

, with FIN(ND) generations. . ’ R

Adults wére kept in small, wood frame sleeve cages (28 x .

*

28 x 28 cm) covered ;vith' nylon m—esh, with trays of moist
‘peat moss for pupation in the bottc:)m. Succeeding generations
were kept,. continuously in diapause preventing conditions,
and at ea.;ah generation an oviposition ‘plant taken from the
REL cage was placed under LD 8:1§ (21°C) to check .~ '
diapauss’ inéidenoe\ among REL larvae. All larvae were
collected in vials according to methods described, s::a.mple
plants were not taken from the third and seventh REL]
genera.uon because of a scarcity of aphids.

‘Results and Discussion. In both REL lines (Ap‘pendlx B,
Table B8g.), diapause incidence departed mgnlfloa,ntly
4{X2-test, P<0.005) from that of the FIN(ND) parent line

at the eighth generatian (Figure 11.). In REL1, diapause

L 112
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Flgure 11 Peroent. dmpa.use in FIN(ND) line, after
selection for nondiapause was relaxed. REL 1 h.ne

T . originating’ from Fiui, REL 2 from F2z of

' FIN(ND); samples checked under LD 8:16 .
(21eC). FIN(ND) line datea included .for .-
comparison. Vertical lines represent exact 95%
binomial conf:dence hmn,a.
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&ecrea.sed again in ninth a.nd t.e’nt.h genei‘a.tions. -In RERZ,

!

diapa.use in genera.uons 8-12 wa.s ugnlfica.ntly hlgher
(Xe t,est, \p<o.0005) tha.n 1n s1mu1t.a.neous F'IN(ND) .

It remqmed

genera.nons. signif icantly lower: (X2 test,

p<0 0008),, howover, tha.n in simulﬁn@ué sa.mples from the

FIN. control hne. The log linear model for’ ea.tegorzca.l data
(Soka.l a.nd Rohlf, 1981) mdioe,t.es tha.t. there is a

significant difference in' diapause (p-o 0001> between REL2

and both FIN(ND) and FIN control lines. The slow drift to &
Inghor percenta.go of dzap&'(l‘so when. selection was relaxed 1s .

conaistent wrt,h what would be expected when a domlna.nt trait.

I

is not. m equllibm,um These results suggest tha.t. & h1gh
proport:.on of nond:.a.pa.uae midges could persmt in a -

greenhouse popula.t.mn for a.t. least 12 genera.tions (9-12 mo), .

as lone as 't.hore .were no genet:.c u.ddlnons ﬁom w:.ld A.

-
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RECIPROCAL CROSSES BB'IWE‘BI( NONI;IAPAUSIF!‘ AND CONTROL LINES
. ’Reciioroc&l crosses hetween FIN control ‘and FIN(ND) lines
to the Fz generation _were ;ix'a.de to detern;'ine inhérita:nce
of diapause in offs;;ripg and giemonstr‘a.te" chr;mosogne
elimi;xation in 4. ephidimyza.
Experiment 1: ~
Three oviposition plants were taken from each of FIN

o« —

control and FIN(ND) cages. Two Plants frpm each line were

kept under LD 17:7 (2I)C) 'tQ provide parental °

]

ble to 8sex larvae,

gopula.t.:.om Beca.use it is wa.s not

‘«they were pla.ced in individual v:.a,ls (4 ml) for pupa.non. s

They were reared under diapause preventing conditions so all

2

larvae in the population, regardless of genotype with

-

respect to diapause, could gontribute genes equs.llir to the .
next generation. All egés on the other ple.nt. from e&ch cagde
were reared under LD 8:18 (2100) to det.ermme dia.pa.use

1no:.dence in' parental lines. Upon emergence, adults for:the

- first cross (N2 x D, , D ¢x N¢ , where N= nondla.pa.use,

D;,pontrol) were sexed, then relea.sed Ain small screened .
sleeve cages (28 x 28 x 28 om) w:l.th oviposition plants. Egge
were rea.red under dispasuse mduc:.ng conditions (LD 8:186,

—

21¢C), and a.ll larvae were collected in sa.mple vmls 4
lxperimont 2: \ ‘ o \

It is nocessa.ry to obta.m an F2 genei‘a.uon to show \\
the effect of male chromosome el:.mmat.ion on inheritance \
(Ga.ll}m 'a.nd Ha.tqhett, 1969), thexjefore F1 reciprocal

crosses were includ? in the second experiment.

a - -

-
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© . First genera.tioxi crosses were made as above, with the o
exception that four oviposition plants were placed in ea;:h
F1.cage. Two plants from each 'ca.ge remained u;lden
diapause inducing conditions to determine F1 diapause
incidence, ‘and two weré moved to LD 17:7 (21°C) to

» ]

provide adults for the mext cross. Larvas pupated in - ’

e’

individual vials and upon emérgence were divided de
1o sex and released in cages. Crosses were NDs ¥ ND«¢ , DN\‘-‘e X .
DN« , ND¢ x Dl‘fd , and DN ¢ x ND¢ , where the first letter
deaignates origin -of i’ema.ie parent and the secén'd deaigna.te’s -

origin of male parent of that individual. Eggs laid on three

-

,ovipos'ition plants from each cage were reared under LD 8:16

(21°C) and- collect:ed in sample vials.

Results and Discussion. Results of ‘both crossing
experiments betwgen FIN(ND) and FIN control. lines show thaf
diapause in response to LD 8:16 (Z1°C) is domir;a,nt. over
nondiapause (Table 6.). In both crosses,,‘ diapause incidence
in 1 generations was nop significantly different from

that in the parental control generation when the female wa.s &

from the control line. When the male was from if.he control

line, diapause incidence was significantly lower (Exp.l:

X2=3.90, df=1, p<0.08; Exp.2: X2=11.26, df=l,

P<0.008) than when the female parent was from control line.
Although, in this cross, diapause was signif‘ica.ntly lower,

it was 5:0'111 closer to that of the parental control 1ine- L,
than the parental nondiapause li;es. This depression' in

diapause may be explained if there were a .pi'epondera.nea of

ND genotyres ‘in the ‘parental control line, ‘because the

. ) ’ ‘ ] . ‘ . v 2
elimination of paternally derived chromosomes from the germ ‘7_\@

- ,
C e \

/ . ‘ .

: .
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TABLE 6. Percent diapause in mass recipracal matings between control (D) and - ‘
l(vgcltg‘i:;pws‘e (N) A. aphidimyza from FIN 11nes, reared under LD 8:16

M [ '

: Comparison Comparison
Generation ~ Cross ] Sex ratio % . to parental between reciprocal
e .o : ¢: 9 Diapause D linel | .~ matings

3

o7

Parents ’ ‘

’ . \ D 127 . 48.83. | ‘ \

-F1 NexDe 347 . ° 1:4.5  42.4. B S
N'exD ¢ 393  1:2.9  49.6 NS

N 204 . 10.82 T

. , T . - . ©
Parents , . N 114 1.2
R S VY 2 53.53 ' o .

- ’
N - »

F1 . NexDe 685 1:2.3 40.0 °  -p<0.005 : :

"DexNe 566  1:2.0 495 - T NS .

Fp ND_exNDs 687  1:3.8°. .'31.5 <0005 .
oo or o . . R .

Se . DN exNDe [ 460 - 1:2. o 386 . p0.0l . ,

DN-¢xDNe - 528  1:1. 9 43,7 NS :
' ' 9. ' N T M ~; AV “ l i . k] ws )
‘. ND exDNe' . 476 1119 46877 uNs I
°x , . AR . '.‘ . " e et

: . . RS . ‘i
1 g '. ' ' ’ B 1 . ' ! .t av " f T L N P

Chi-square test. =~ »~ - . S T '
. ‘ S R

/
2 Percent diapayse in same generaeion of FIN(ND) lina. T

B , .- .
\ .,
3 Percent diapause at ‘same time in FIN control Hne. . A St
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- . are hkely to be dia.pa.use phenot.ypes,,za.ecordmg to ™

oS | L 119
line in early cleaveage would result in & higher propé:;-t.ion
"of NN genotypes in offspring. ‘ Co !

Diapause results -in the F2 genera.t.mn; are . o
e consist.ent. with chromosome elimination (Table 6) (c. z.
Ga.l}dn and Hatchett, 1969). As expected, both crosses with
males 'from the Nf) cage had a lower diapause . incidence. ..
Paterna.l D ¢onos were ehmme.tbd reaultmg in males that
- pa.ssed on only ma.terna.lly derived N genes, which would ' ’ o

» produoe a popula.non wzth equa.l proportione of. NN and DN

eenot.ypes In crosses with males from DN lines, the' -
) pa.terna.lly domved N £gene would have been ehm:.na;t.ed

resultmg’ in offspring wit.h either' DD, br ND genotypes, whlch

-

\ results. Dn.pa.uae mcldence in crosses with DN males was not

s:.gnifma.ntly dauf’ferent. from the pa.renta.l control 11nes,
. wherm dmpa.use was s:.emflcantly lower (X2 t.est.s, 1

df p<0 0ol) in croms wnh ND ma.les In crosses with, ND

5
ma.]:es, there was & algnzﬁca.nt.ly higher dla.pa.use 1nc1dence

TR -(X?=5.1656, 1 df, p<0.0§) in the cross W}th DN femq.les

‘compared to the cross with ND females, however, no

o ‘ , -

. explenation for this is. known.
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- This expenment. wa.s conducx.ed at the begxnn:mg of the - )
- research to determine whether there was a difference in -
d\ira.tion";:f larval stage between diapausing and ‘
nondia.pa.uz;ing larvae, as occurs in some other species.
Ma.teriah and Methods. Thres replioa.tea,‘ with a total-
““ of 185 larvae, wers made with . eggs collected on difierpnt
dates. For each replicate, a single, aphid infested leaf, ~ = -
‘with patiole in & vial of water, was pla.éed in the FIN
control cage for ov1posn.ion when numerous fema.les (>80) °
were present. Beca.uso no oviposition ple.ntsvhad been in the
cage for >24 h, 'females rapidly laid eggs on tfxe leaf, which '
was left in the, ca.ze or only one hour t,o ensure eggs were
the same age. At least different fom&lep- were .observed .

ovipositing ‘on each leaf.

Each leaf was pla.oed in » oovered petri dmh on moist

fll't.er paper and "incubated under LD 8:16 (21°C) unnl

"egds hatched. The leaf was then pla.ced across the t.op leaves '

/

*of an eaphid infested plant so larvae could move down to - .

»

feed. On the sixth day after oviposition, larvae were placed -

individually in wials with moistened cotton in the bottom.

1

Vials were checked twice daily and fresh ‘pieces, of aphid

~infested .leaf were pix't in vvials na.s neoeas'a.r*y, until larvae

had spun cocoons. The daté larvae gealsed feeding and N

commez;ced spinm:.ng a cocoon was recorded. Emergence of

.acéults was recorded and rema.ininé coccons were opene_dx .a.ft.er"‘

.21 d to couni diapausing "larvae.
) . C

'+ v
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spinning cocoons éeach day was similar.
A Y

pupation site.

) 121

'Results and Discussion. Data from replicates were

pooled because ratio of pupating to diapausing larvae

" Duration of larval stage was significantly longer

’

(ANOVA,‘ F=31.78, d£=1,183, p=0.b001) for diapausing larvae

'tha.n for larvae that pupated (Table 7.). Twenty percent of

larvae spinning cocoons on the seventh day after oviposition

’ " diapaused, compared with 86% on the tenth day. -Results are

presented in & slightly different way in Figure 12. These \

Tesults are condistent with the greater needs of diapausing

larvee for stored body reserves (Le'es,uo 1968), and agree with
results obtained i‘.’or other insect species (D;'L.ckson‘, 1949;
Glass, 1970; Henrich and De‘nli‘r'fger, 1982; Saunders, 1975). - . .. -
Three diapausing larvae never did spin coccoons, but ‘
wandered for up to 15 days before becoming sto,tlona.ry Smce

'

fresh a.phlda were supph.ed continuously, it is not likely

that they were searching for food, however, they may have

been aea,rchlng for more sun.a.ble dlapause sites. Perhaps the

. choice- of an overwint.ering site is more importa.nt than a

~

"As 8 result of this experiment, the sampling methods .
used to determine diapause incidencé in sach genepation were
changed to avoid bias toward faster developing larvae by
rearing and collecting all larvae from a éinéle pla,np, ' .
regardleas of larval duration (pg 79) . These results diso

‘

led to the follow1ng experiment to determine whether

_ artificially changing larval development rate a.ffected

Y

diapause incidence.



TABLE 7. Larval duration, expressed as days from oviposition, for diapausing and pu ating
g A. a ghidi!!za larvae from the FIN control line, reared under LD 8:16 21'(:‘

s

O fays from

% Larvae % Larvae
oviposition n diapausing pupating ‘
., X+ SE X+ SE
7 e 20,0+ 6.9 80.0+ 6.9
8 81 5804 1.2 42.0 + 7.6
9 % 5.9+ 19,0 47.1 + 19.2
0 . 14 85.7 + 8.2 4.1+ 6.7 |
1 4 100.0 0 =
12 6 100.0 0 .
13 1 100.0 0
14 4. 100.0 o ok
15 "1 100.0 . S0 :
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' EFFECT .OF PROLONGING LARVAL STAGE : B

This experiment was designed to test whet.ﬂer o - Do
artvificially prolonging larval development, and thus“che, )
ptfotoperiodioallbf sensitive stage, increa.sed‘q.ia.pa,use
incidence. Ssunders (1978} hypoé,hesiz’ed that larvae of the
fleshfly., Sarcophaga argyro‘m‘:ﬂoma (Robixiea,u—Desvoidy)', L A
that took longer to develop, had a higher 1nc:.dence of k \
diapause under short. day condltlons because they experlenoed
more short dey coyles. If this is so, then selection for l .
nondiapause ;rxight favor larvae with faster development .
(shorter sensitive stade) relajjve to the number of days ,
required at that temperature to induce diapause. Such larvae
would complete their cfeyelopment l:':efor:e experiencing .
sufficient phort days to rea.ch. the ‘lthreshold for diapause
response. S
Materials and Methods. A single .oviposition Plant was
placed overnight'in the FIN' control cage. The -next, morning, -
leaves were remc;ved, divided randomly into two groups, and . \'
placed under LD 8:16 (21°C). One group, FAST, was h
reared with a meximum supply .of host aphids, while the
other, SLOW, was fed just enough a.pilids to ma.inta.inogrowth.

Oviposition leaves for BothV groups were placed on aphid

infested plants until eg¢s hatched and larvae began to feed. |,

Those fof‘ the FAST group were distributed over 4-5 host

plants to minimize competition for food, which might slow :
development. On the“sixth da.y~ from oviposition, larvae were
placed in inflated plastic bags' (18 x 22 on;) along with
sufficient aphids to completé development. All larvae were

placed in sample v/i’a.lé according to established methods.

¥o
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SLOW la.xl-va,e{ were .confined to one r:ost plant .for the
first four days, then were placed _in' inflated plastic bags

‘Fwit.h 8 few e.phid'infesf:ed 'lea,w;ee. Leaves were renewed‘ daily

e.ncf a.gs were aired 4- 5' /timee a day to, reduce condensation

accumulation of C02. These methods resulted in

Jdonger larval development periods (a.nd higher mort.a.litﬁr)’ .

N
1

-compared with the FAST group.

Three replicates, involving a total of 1310 ‘larvae from
the FIN contréel line, were tested. Egée were collected on
three different dates and, because die.pa.uee incidence va.ried.
wiée{y between tests, data from replicates were not pooled..
Results and Discussion. No significant difference in
diapause incidence was found be{.ween FAST larvae and SLOW
larvae in the first two replicates (Table 8) In the third

teet., t.here was a slgnlfica.nt.ly lower 1n01dence of dispsuse

(X2—42 04, df=1, p<0.01) a,mong SLOW larvae, Development

" of SLOW larvae was delayed by an a.vera.ge of 2 d in the nrst

' two rephoa.tes, and by ca. 1 d in the third replicate.

‘ Although physlologloa.l stresses due to prolonging la.rval
«development by semi-starvation mlght have acted counter 10 &,
trend 'toward diapause (larvae would _rlot be able to
accumulate necessary bgdy reee;;re'sn), it is not likely that
increasing the number of short da.; cycles experienced by .

, .
A. aphkidimyza would increase diapause incidencse. .

* Therefors, selection for nondiapause under LD 8:16 is .not

likely to have resulted in & population of larvae w‘i‘th -

- Jongder sensitive periods relative to development periods.



TABLE 8. Percent dhpause in A. aphidimyza larvae with maximum developlent rita (FAST)
T versus larvae with deve opment pr?onged by semi-starvation (SI.OIG).
. g _
. ’ C Comparison of ‘Difference in .
FAST * SLOW - FAST vs. SLOMl 1arval development
Replicate % Diapause n % Diapause n . period (). -
1 15,7 (259) 24.6  (66) N2 2 -
.2 6.1  (224) 9.5 ~ (144) N 2 -
3’ 97.5 . (368) . 83.8  (249) po.o1 1
./ . -
1 chi-square test. _ .
2 Mot significant, p<0.05. T ,

™
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The following expemment determ1ned dispause mcldJence in
offsphng of individual fema.leé (mated to one ma-le) a.n.d
whether it was affected by . maternal age.. .

Materials and Methods. Last instar lgrva,e from' FIN(ND)

s ) -
.

and -FIN oontrol lines were placed individua.lly in via.ls (4

-ml) for pupe.tion. Upon. emergence, they were sexed and. 1, ma.le v

"a.nd 1 fema.le were releassd 1n each globe ca.ge. (Figure: 9.).

‘All cages were kept in LD 8: 16 (2100) Beca.use no

addn.:.ona.l males wers relea.aed after the ongma,l mala 'died,

1

some la,ter eggs were mfernle.
Each day, unt.ll fema.les dzed, onposua.on leesves were

- removed e,nd repla.ced w:.t.h fresh lea.ves Aft.er egge were

-

counted, each leaf was placed :m a8 oOlear pla.st.lc vml (4 cm -

.dxa.m x 86 om) and covered with Nitox onylon screen (64 m1cr0n)
"The screen wa.s held on wit.h 8. tight. ple.stio cap that ha.d a
ventilation hole (2 cm dmﬂ) drilled m 1‘0 La.rva,e could not

esca.pe through the- fine screen, therefore,: it was- posmble t.o .

J

_determine the fq.te of néa.rly every egg.
Unhatched eggs were o;ounted’ on the third day after

ovipogition. Thereafter, vials were checked (ea.ch day and '

aphids added when necessary. When larvae Lwerq 'rea,dy“ to 'spih'

cocoons, they were coll'eoted" in the usual ‘s&zﬁple -vialas

. containing moist.cotton , rolls. Data was recorded as for other

samplaa (pg. 73). _

In s preliminary test,gonly eggs laid every second day.

were reared from nine pairs -of FIN \control adultq. In the

‘A

later expérimenﬁ all bffspring from 11 pa,ira’ of FIN control

4

and 6 pairs of FIN(ND) midges ‘'weré reared 1o &dulthood.

'

- " - . .

-, - - . .
- M . . v ¢ .
'
- . .
. \
Vo
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N " s Resu.l;t.a and Discussion. There was .a.‘ wide ra.n‘ée in. .

‘ o | ‘di:q.pg.uee incidence among offspring from the FIN control line

IR S .‘,(2—947;5 (Talr;le 9., Figure 13.). There was less of a range in

TR the FIN(ND) line (0-32%), which is consistent -with selection

R :' "_‘;‘-l + for tondiapause. Because of thé small number of pairs, ‘
\ ‘ oo . multa are not conclusive for FIN(ND) Most adult.s for this

\ S, dxpem.mpnt were taken from the FIN control \hne at, the same

- \_ L . . time the. sample for comparison with Fes of the FIN(ND)

.} “ .. line was ta.ken, which had 36%. diapause. Because th:s is

T . o  #imilar to the mean diapause moxdence of 28% for test

C T " offspring, it is likely that data from individual pairs’

o .g ' acturately reflect proportions of di;p&use in offspring .

/

PR " ",\‘ Within the cage. o , ‘
T - " There was no evidence that level of diapause if offsprmg
. | of FIN control pairs cha.nced with maternal age. There was

\ . T -; | also no significant dlffprengo- (ANOVAD in dﬂ:.a-pa.usé 1ncidenee~.

'bet'ween offspring of. femaie-pm&uoing femslies (34%) and

Miaeegn rmane  en e e
[

‘ . “"m':,‘le—produmng fema.les (2'7%), and no sign:.ﬁca.nt dlfference
~ (ANOVA) in number of eggs or- surv:nng larvae bet.ween both
types of, fema.leq. . ' ' [

It. is 5urpnsin¢ to f:md such a wide va.na.uon in -

Pt N e IR R vea

. ,‘ du.pa.use inc:.dence among, offsprmgi\ from ‘FIN oont.rol pairs.

L a Perha.ps, durmg the long penod (>$&f§yr at the time aof this

| ,exper:.ment) o:f cont:.nuoua laboratory rea.ring withbut natural
' selecnon, which would remove nond:la.pa,use individuals, random
. genetic drlft. resulted in a. hlghor frequency of nondiapause

_ ,genea Inadvertent aelecuon for nondxe.pa.use jmay also ha.ve
occurred ‘and a, possible meoha.nism for this is discussed on.

RUREE

- . . e, . . Yo ]



¢
R “
N,
<3

hilaaa L TEN

gyt VEREREIINA Y Ve e

i o

1 °

TAﬁLE §. Perccnt diapause. in offspring of individual pairs of A. aphidimyza
from FIN 1ines, reared under LD 8:16 (21°C).

Line ' Number Number of Sex of % Diapause
.. of eggs larvae reared- offsprind '

— —~

FIN controll 84 66 ¢ 81.5
‘ .41 28 P 7.1
55 23 ¢ 17.1
62 51 g 63.0 .
' - 50 47 ¢ 48.0
. 48 < 38 g ©11.1
. 94 . a0 ¢ 25.0
51  « 35 $ 50.0 -
94 27 ? 10.3 .
$ ‘. . . N .
" FIN control?2 - 125 97 9 69.6
Ca - . 122 . . 83 ¢ 10.4
‘ 141 108 g 384
' 101 37 ¢ . 88,9 .
. . .72 64 9 v 1.8
= 40 ‘ 21 8 10.5
12r 96 ¢ 30,7 - -
.98 - . 74 9 (13,9 -
87 49 - ¢ $13.3 ,
B (- . 59 ¢ * 17,6 -~
, . ®er B2 ¢. - 22.0
FIN(ND) 78 83 g ! 0.
. 81...° . 6}. ¢ 16.1
: 127 @. ¢c 106 .. ¢ 11.5 -
134+ Al v s R 9 1.0
15 710 9 0
100 . 64 p ~32.4
e

1 Eggs 1a1¢ every second day reared.

2 AH eggs reared.
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SECTION msc’usélo:q .
* There 18 evidenoe- ;;hat ‘development x‘-a.té éhd diapause
iﬁductit::n ‘a.re components -of thé same genetic system in %the
flesh f}y, éa.rc_ophaga buita,ta (Henrich and Denlinger,. .
:1982), a.nei the pitcher plant mosquito, Wyeomia smithit
(Istoci:, et_‘ al., 1976). That this may also be the case in
A aphidimyza is shown by the inverseé correlations .

between dio,pa.uae 1n01denoe and peroenta.ge of a.dults emergms

lby dey 13 in both FINND) (r=-0.48, p= =0.0004) (Figure 14.)

&nd ARB2(ND) (r--—O 54, p-O 048) lines (Ta.ble 4). Diapause N
orient.od la.rva.e ha.d & loneer development por:Lod than

pupa.t.inc la.rvae, but ar'uﬁoia.lly prolonging the larval

]

stage did not ‘inqre_aaé diapause, which suggeste-a genetic '-°

basis for the relstionship between-development rate and

diapause. Thére was no svidence of such a correlation in
- Cot ¢ N

. rate occurred under selection pressure. K Linkage .can be a

;

either FIN or' ARBZ control linos or relaxed selection lines,
a.nd there were too few genora,t.lons of both QUE(ND) and
FIN2(ND) lines for_dats o be moa.ningful The lack ‘of
significant correlation betwesn diapause. )s,nd pupa.l -duration
whor; there was no— selection preédure, as in both control and
relaxed selection lines, may indicate that linkage between -
gene loci affecting diapause and those governing dévélopmem.
' L
cause of transient correlations as one combination of
a.lIeloa is favored over sanother, When selection is relaxed,
the correla.txon would be expected to decrease (Falconer,

198l), as it did. An altarna.mva- explana.non that a.lsc; fits"

the datsa, is that faster development rate is a ple;otroplc

. effeet. of nondla.pa,use genea The clear reaponse 0
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"lines showed & slow increase in diapause incidence once

. . 136
. ' W .

nondiapause selection in FIN and QUE lines in the first -
monthe of the project x;light be associated with the initial
bias towards ébtaining eggs from early emerging asdults. Lack
of response to selection in'the ARB2 line, then, could. be.
because later rearing nie_thbds were inter;d.ed to prevent this
bias. A b?t.ter response to nondiapause selection might have ' . . -
been obt.a.ir;ed h;y selecting simulta.neoulsly for early i .

emergence (and possibly, faster la.r‘va.l devel-qpment) and

nondi&p;.use. , o
‘ Altht\;ugh obscured by fluctuations from generation to
generation, tl}ex:e was a tr't?_nd toward decreasing diapause

i!‘lciden;ce‘ in the FIN and ARB control lines. Ra.nciom denetic

drift was ruled out because dats from relaxed selection

selection pressure was relja;lxed. Therefore, it is likely that
directional selection, toward nondiapause, did occur. During
the first 16 mo of research, in \five of ten samples of FIN
control larvae, resred under LD 17:7 (21—28?Ci, & few
1a‘.rva,e‘ ,dia.éa.used (‘5':*-'9.7:1-,0.‘3%), or weré slow in pupating
(X=1.2+0.7%), even t;.nder 6if-mg day coréditions.\ ’I‘hé steady
removal of these few individuals with & high liability to
diapause, over several ysars, may be sﬁfﬁciant sél-‘*;tion |
pr(eaaure to account for the r;ad\iot:ion in dia.pa,use.v In
ac%ditio.n, bacause control lines were xﬁa.i'ntained with e.dv;lts
emerging continucusly to provide eggs daily for other
experiments, larv&é that. developed fastest would have more
descendants over several years than those with slower
development. If genes for lats development are a.ssoc-ié,ted

with those for diapause (or early development. is associated

~
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i’ ; with nondiapause), then a drift’ toward more' nondiapause
oo , individuals would alsoc occur (Barry and- Adkisson, 1966;
o ( Lo ’ - . ‘ - s b ¢
. . Glass, 1970; King, 1974). Regardless of how it occurred,
- t offsp,rizié of individueal pairs from the FIN control line,
. after '30 mo of rearing, showed the presence of & substantial
N ’ ~ ’ + >
- number of individuals with low liability to diapause under
' ! " LD 8:16 (21°C), which, presumably, was not the case S
earlier in the research when 80% diapause was obtained in -
- N i < -
T ) o . coritrol 1lines. ~ . .
s ) - . . . ) , ." % p .
i ’ ) . N :. 1]
; .' A i ] , ’
| . , . . ]
§ e - -
3“; I - i \ ‘ . . - !
pg - , . B ~ 1 .
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FLUCTUATIONS IN DIAPAUSE INCIDENCE ..

| After ﬁve cycles of FIN(ND) were reared, »dia.pa,use in

* the. FIN control line was checked under LD 8:16 (Z21°C)

and was found to have dropped to 50%. f‘urther checks of
diapause incidence in the FIN control line made du‘ring the
next six monthe indicated that diapause AinJcidence was
fluctuating in a pattern similar to that of the nondiapiuse
line. Beoa.use‘it ‘gvas\ nearly a year after ihe original line ,
was received, another shipment of A‘. aphidimyza pupae

was obtained from the original source to see if- diapause
incidence Lhé.d'&g‘ha.nged in thast line’ as well. Diapause
incidence in the new line under LD 8:16 (21°C) was

checked twice, coinciding with Fi5 and Fie .of

'FIN(ND). Percentage of diapsuse (17% and 27% respectively)
wes ‘intermediate ‘between that of the original FIN control -
and FIN(ND; lines, therefore, it was concluded that whatever
the ca.uée, changes in diapsuse were not unique to my
cultures, although it did not rule out ehvironmantal
conditions unique: toc my res;é.xjch,. or the possibility .of
seasonal effects. Thereafter, frequent checks of diapause

incidence in %he, control line were made, aphid supply

rermitting. Peginning with Fz1 FIN(ND), egds were .

. vy
- taken from the FIN control cage on the same day eggs were

laid for the next FIN(ND) deneration (Figure 4.).

Starting with F21 of PFIN(ND), there was a highly
‘,signi:'fica.nt; degree of correlation (PPMC, r=0.692;1, p=0.0001)
k;etween the fluctuations in diapause incidence between
generations of FIN control and FIN(ND) lines (Figure 5.).

T

Correlations between other lines were checked, using the

e
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closest generations in time for comparison (Table 10). There

were significant correlations in diapause incidence between -

’

FIN control and both ARB2 control and' ARBZ‘(‘ND) lines as well
a8 between FIN(ND) and QUE(ND) lines. While the lat£er « '
correlation is probably mostly due to & similar decrease in
c!ia.pause unde‘r selection pressure for the first few
éenera.tions, the correlations between other lines are
inexplicable. |

The “damped” fluctuations in nondiapause lines, ct':mpa.red
to t.pe wide ra.x{ge ‘(‘8—90%) in control lin‘e;s, waere prob;a.bly a
result of selection pressure. Neveyrtheleas, what.e\:er the
cause of variation, it was sufﬁciein. 10 exert an influehoe
on diapause levels in ﬁh;a pop‘ula.tion’ despite continuocus
nondiapause selection. The lack of correlation k?etween —
FIN(ﬁD) and both ARB2 lines may have been because the
effects of i:i;)ndia.pa.use selection were superimposed on the

overall pattern of fluctuation. Indeed, the question is not

’

why these examples are not correlated, but rather, why the
other lines are corrslated, particularly when they !
driginated from completely JMifferent geographical areas,

with different laboratory histories. X

0

:Puzzling' f}uctuations in diapsuse incidence, occurring
at ‘t.he same time in both nondiapause selected and control
lines of Heliothis =zea, were attributed to diset .or : L~
unknown environmental changes (ﬁérzog and Philllips, 1974).
Both possibilities were in)leatiga.tetqi in my research.

Variations in the large incubator environment, where all °
nondiapause lines and check plants from control lines were.

’

rearsd, were un}ikely because light coﬂ'é‘rols, humidifier and

-
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‘TABLE 10. Correlations in diapause incidence between Hnes of A. 2 1di-1 za. coaning -
generations closest in time.- , ‘
FIN(ND) QUE(ND) QUE2(ND) ARB2 control ARB2(ND)
rl P PP roop e p r p
FIN control 8.6924  0.0001 o ° - 0.6533  0.0211 0.7757  0.0030
FIN(ND) : : 0.9212  0.0011-. ~ NS2 s NS
QUE(ND) N - oo - |
QUE 2(ND) L - - "
ARB2 control S NS
1 Pearson’s produet moment correlation coefficient. . 7
2 Not significant, p<0.05. ‘
‘ 4
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thermometers weré checked .daily and no major adjustments or

repairs had been necessary. To check this, temperature and

relative humidity were recorded continuously for nine months

on & strip chart hygrothermograph. No variations were found.

When it was discovered that exceedingly low radiation
'lev§la céula' prevent diapause in some 4. aphidimyza |
lla.rv&e' (Pg.169), the incubator was checked for light ‘leaks.
Only 8 barely discernible hght leak around the viéw

covp{' was found. It was \a.led with black tape, but thisg ha.d

-
[

‘no effect on subsequent generations.

It is unlikely that iarva_e from different lines were

L&

mixed, since, throughout the research, care was taken to

-

insure that larvae from one plant did not wander to another

plant in search of food. Oviposition plants from the same
line were kept together; they were separated from ple.nts‘

from other lines, which were either on a different shelf in

'l

“~.the incubator or, if ‘on the lower level, kept >1 m apart. To

A

pre\}'éht" 1arva,e from wandering in search of prey,’ fresh' host
plants were provided before larvae had consumed all aphlds
present on leaves. On the last night of larva,l development,
plants were cut a.nd kept in ple.suc bags to prevent 1arva.e
from escaping. In a.ddlmon, only FIN control and FIN(ND) r’
kl.mes were sampled wut exa.ctly t.he same time (and only after
F21) and rearing of larvae from other lines rarely |
coincided with FIN generstions. . .

The po:ssiblit.y of an endogenous cycle of di&paus'e
liability, which has been found in certain other insects and
mit.es’ (Beck, 1980; Sapozhnikova, 1982), or & Beasonal cycle;

was investidated by using time series analysis (Lagggdre and

R
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in dJa.pa.uae incidence bet.ween lines that occurs rega.rdless

21oC, FIN control generations were not synchronized L

; v ’“ ; « '_ '.-_. ’. “ . ’ 142
Legendre, 1983) to fmd out. whether there Wa.a a. '

statistically s1¢n1fxca.nt. period to the -cycles (Figure 18, ),

‘Data from genera.ti_ons 7-45 of the FIN(ND) line were analysed

since itf‘ was the only line with ~aufﬁcient da;t.a. pointse.

Firat a sl:.ght. ‘trend in ‘the data was rpmoved by fitmng a

L4

qua.dratic equation and examining residual va.lues. Time

aer:.ee analysis was performed: on thess va.lues. Whue not e
n . * - oo .. _ .
statistically signiﬁcant (p=0.1'798), results suggest. th‘a.t« '

' oycles "in dmpa.use incidence, w1t.h a period of five .

generations, do exist. It is not. likely, however, the.t. these .
cycles are endoggnouq&«bOcause, under na.turo,l condiuons,
A. aphidimyza has 3;-4 generé.tions por season in southern

Quebeo (Bouchard, ot al., 1481) a.nd proba.bly fewer in’ .
o U7

-

F:mland Thus, a five genera.uon cycle is not. synchronized

:wn.h. seasonal rhythms and doea not a.ceount for t.he "synchrony -

\

-

of generation. For oxaqnple, because larvae developed

~alightly faster under long days than under short dé.y at .

with FIN (ND) generations. . a <t

W1th obvious sources. of envzronment,a.l 1nf1uence on

o

la.rva.e ruled out, investlgo,tlons were made into the effeots '

vt =

of dlet .on larvae caused by changes in aphid host. pla.nt

-

quality. : _' ) o N .
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DIE‘I' AND DIAPAQ’SB

Thm study wa.s conducted to determme whether A

fluctuations in diapeuse incidence common to ell lines could
be accounted Eor by dlfferencea in. dlet (ise., dlfferencee

in aphid host plants affecting ephld queht.y, in turmn " -

a.ffecnng A. aphiditmyza). ¢

lxperiment 1:
Materials and Meth@da Pepper pla.nts were grown in two

el

d:.eunctly different environments. One group, SUM, was grown

’ in the greenhouse during June and July, under warm

(28-300C day) summer conditions and full sunlight. The

- I - ' » s
other group, wm‘ was kept in an incub&,tor simulating winter
b .

phot.openod (LD 9: 15) and t,empera.turee (TC 21; 180C),.
with thermopha.se two houre qhorter the.n prhotophase, a.nd full
spectrum’ fluorescent lightmg _To compenea.t.e for slower »

) -

growth, WIN pla.nts we?e started six weeks earlier than 38UM
plants. Soil from the same mx for WIN plants was saved and
used °for SUM plants. All plante were put in, the same aphid
incubator for colomza.tion T 7* : .
Pe,u‘a of plmte (1 SUM, 1 WIN) were pla.oed overnight for
ov1pos1t10n 1n, midge cages. A second pa.ir was placed in each
cage the next night. Eggs were collect.ed from both FIN(CND)
e.nd FIN control lines and all. le,rva.e were rea.red undew
8:16 (210C). E;ttra. plants of both -types were kept in
&phld colonies until needed to supply é.ddn.lona,l prey .for
larvae. Larvae were re&red a.nd placed in vials a,ccordlng to

methods described on pg. 73. .,

a

o

LY



* Results and “Discussion. h In both, replicetee .from the -,

. . .
v v .
. * <
\ .
- PR - . . , -
AN . N ]

5 " ' N 46
.’ b -

. FIN(ND) lme, d1a.pe.uee 1nc1dence wap significantly hagher ]

,:a pl&nts (Figure 16.). In the FIN control lihe, diepa.usé,

a

S

- 1

¥

(Xz-test.s, p<0 005) in larvae fed a.pluds from S8SUM

;gcidence was significantly higher (XZ=34.987, 1 af,

. PLO: 065) -in replioa but not in replicate 2. Because
dxepe.use incidencs in replice,te 2 was nee.r the me.ximum : .
record.ed for FINcontrol larvae under LD 8:16, it is - * ’ .
pose:.ble t.he.t the ‘maximum nui‘nber of mdiv:l.duele 1nclmed to
dla.pa.use were &lree-d}' doing so and t.he.:: oha.ngee in host

plent auelity" could have no additional effect Theee reeult.s

. led t.o s more dete.iled experiment to test effects of host

i

pla.nt. quality.
lxpenment 2: .
Matena.ls and Methods. For this experiment plants were

reared’ under two different incubator conditions, which  had .

>

been observed to produce different foliage and growth : =

hebn.e. SOFT plagxts (similar in appearance to SUM plants)
#
were kept. under full spectrum fluorescent lights a.t .

24 2800 HARD plants, which had darker, tou¢her N .-

—

foliage, and slightly sma.ller leaves, were grown under cool

'white' ffluorescent lights, ei. _}pC. poth incubators had .

photoperiods of LD 17:7. These’ two tree.tmenie were chosen
beca.uee they were both used to huten production of plants - "
for a.phld culturee durmg moet. of the fall to spring period.
.Both t.;;es of plants were oolor coded when they .were put

into e.phld cultures, thue ma.tohxng ple.nts of each type could

be paired when put in midge cages for oviposition. ”
ks . !
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.Figure 16. Effect of aphid host plant quality on diapause .
in A. aphidimyza; first experiment. WIN plants
grown under LD 9:15, TC 21:18°C; SUM plants®

. . grown -in greenhouse ' June-July. .
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; ' L -Three replioatés .61’ pa,irf;d plgsnts (1 SOFT, 1 HARD), we;e‘
' placed in the PFIN control cage for oviposition on -three
consecutive. nigh{a. Plam'oa) were all placed in LD 8:16 |
. '(2‘109‘) for rearing larvae. Between 250 and 400 la:xtva.e
were reared from sach plant. - ' ,.
’ Eight "Pla.nu of each t.&pe were » ‘out and dried for
. tissue ‘analysis of N, P, K, Fe, Ca, Mg and ‘percent moisture.
Extracts of plant. tiasué were analysed ﬁsing' an atomic
abseorption 'sioectropho_tome;.er (Perkin-Elmer 2380, oo
Perkin-‘Elmer Corp., Norwalk, Conn.).
g - . Results and Discussion. Differences in host plant
quality were found to be related to differences in diapause
incidence in 4. aphitdimyza larvae rea.red,dn aphids fror\nl
P * those plants.-In all three replicates, diapause incidence
- , was significantly higher (X2-tests, p<0,\005) in larvae
reared on aphids from SOFT pJ'.a.nw th?,/sz in larvae from HARD
plants (Figure 17.). Diapause was 1.4 to 2.2 timés higher on
SOFT pl_a.nta. Results of replicates were not pooled because
they were significantly different (X2-test, p<0.08).
Percentage of moisture was significantly higher in SOFT
plants (ANOVA: F=80.97; df:l,’l‘l; p=0.0001), a;'w&s
’ percentage of K (ANOVA: F=23.06; df=1,14; p=0.0003). Levels
of N were higher in SOFT plants, but not significantly so.

° There was no difference in other nutrients tested (Table
t

11.).

Qualitative differences between aphid species have been

shown to affect behavior, development and fecundity in

{ -~ aphidophagous insects such as ‘coccineliids (Blackman, 1966)

and A. aphidimyza (Havelka and Ruzickh, 1984). Weight
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Figure 17. Effect of: a.ppid host pla.nt qua.liw on diapause
in A. aphidimyza; second experiment. HARD: -
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TABLE 11.

different environnents.
plant dry weight.

Nutrient and moisture content of 8-week-old pepper plants grown in two
Figures for nutrients expressed as percent of

Plant type p

Nutrient SOFT2 HARD3 .
X + SE X * SE

N = 7.59 4 0.11 8.58 + 0.53
] p 0.32 + 0.03 0.38 + o.o’s
K 4.77 + 0.09 6.16 +.0.08

-Fe " 0.30 + 0.02 0.05 + 0.01
Ca ‘1.68 +0.20 1.65 + 0.15

Mg 1.37 + 0.14 1.46 + 0.12 #
% H0  85.70 + 0.23 88.88 + 0.46

l ,
1 calculated by (ppm * 250 ml * 1 x xom x 100 = % of plant dry weight

2 Grown undef LD 17:7 (24-28°C) full spectrum fluorescent thts.

g of dry plant

"3 Grown under LD 17:7 (21°C) cool white fluorescent lights.

o~
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“\1975), and a.’saphro;iha,gout; insect, the tropical flesh fly,

‘ 153
and fecufxd.i*\\;y of A. aphidimyza are even affected by
differences in host plants used for the same species of
aphid, and it is possible that handling of plants (e.g.)’ ’
fertilizing and illumination) indirecty affects A.

aphtdimyza _(Kuo, 19'76/"'7';';. Althouéh no previous at.udies
examined effects of diet on diapause in 4. aphidimyza, ’
dietary effects on diapause (reviewed\ pg. 37 ) are wal]: kx;own
in herbivorous insects and have salso been found in the

endoparasite, Pimpla tnstigator (Claret and Carton,

2

Poecilometopa sptlogaster (Wiedemann). In the latter "
species, diapause incidence increased by 10% when moisturé

in larval diets increased 10% (Denlinger, 1979).

¢

Aphid host 'plant que,\lity cL(fld affect diapause response
in A. aphidimyza directly through nutritional .
differences in the prey, or indirsctly through changes in
feeding behavior. Kuo ’(1982) demonairated that chsanges in
a.rt‘ifici&l diets of M. persicae significantly affected
developmental time, la.rva:.l and imaginal weights and
fecundity of _4. qphidiﬂ;z;za. 'La.rva.e compenaa't,ed for
reduced food qua.iity by* consuming up to twice as many
aphids. On vitamin and amino-acid deficient diets this was
adequate to sustain normal development and . fecundity,
however, in sucrose and some mineral deficient diets, larval
development, larval and ad;zlt weight and fecundity were
significa,;xt,ly affected (Kuo, 1978). On poor diets larvae
would be unlikel:;r 10 accumulate necessary body\freserve'a to
diapause and survive. Kuo (1978) also noted that the longer

larval development observed in some treatments was related
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to changes in feeding behavior. On amino-acid deficient

X - N .
diets aphids were more active, and harder for larvse to
oatch. Larvae attacked but did not consume more aphids on

most deficient diets and left more aphids partly consumed.

'Because changes in 'both physiology and behavior of A.

aphitdimyza larvae have been demonstrated with variations

in diet of host aphids (Kuo, 1975), it is likely that

' M

diapause could be affected as well. The higher diapause

‘incidence on SOFT or SUM plants could have been because

-larvae were better nourished with enough body reserves for

diapause.

[

Aphids feed by extrﬁcting amino-acids and some sugers
from the phloem sap (Dixon, 1988). Despite the higher
moist.ureg in SOFT piants, which could indicate lower sucrose
concentrations ‘in rhloem sap, (van‘ Emden, et al., 1969),

M. persicae reproduced faster on 'SOFT plents than on

those under cool white fluorescent lighﬁs (HARD). ’I‘h‘is' is a.i,i
indicator of a goqd diet,‘ which may be beea.use' translocation
speed is greater in 1eéwes in full light (Troughten, et al.,
1977). The phloem in‘ younger, expanding leaves and 'in oldgr,

-

senescing leaves, is richer in translocation ma.terigle.

‘since they are the sites of synthesis‘a.nd breakdown,

S tre,

respectively, of plant metabolites. The preference of M,
persicaelfor such leaves 'is thought to be due to
differences in soluble nitrogen levels, although secondary
plant substances (g%bberellins, a.bsomisio acid, cytokinins,
e‘oé.) may also be involved (van Emdan,.et al., 1969). Levels
of soluble nitrogen, osmotic pressure of sap, carbohydrate

levels and pH are related in plants, and it is very

.

/



difficult to tell what is a»f-fectif;g a.ppids. ‘Tissue a.na.lysis‘
C " ' showed somewhat higher N i;u SOFT plants, w,hic__h‘ indicates

" that plants were more nu’c.ri’tii)u,s for a.phiq}s _(Ziegler, 1978;

‘Dixon, 1985). If aphids were more nutritious for 4.

. aphtdimyza larvae, ther; larvae wouid be able to accui ulate

necemry fat body reserves of glyooaen and other col pounds

involved in cold ha.rd:.ness and necessary for the

s
~

physiological changes that occur in preparation for, and

[

during, diapause (Wyatt, 196'7) . ¥

v

' Bein¢ fod upoxg by o.phida a.ffecm a plant’s physmlogy,
~u§ua11y }:’y enhancing, t.ro,nalooa.t.iqn 1.0 aphid feed:u;g sites
. N v

(van Emden, et al., 1969). Thus, control plants used in

N [

tissue analysis were not true indi;:'&tora .0of the ;st.a.f.e of
plants that had been - infoated with aphids for 6-8 d. Plants
: can respond within as few as “three days to aphid
in:'f.est‘.a.t.iona, with drastic reduction in sap flow (Forrest,
. et al.,, 1973). Therefore, although an expla.na.tion.[ié ’
proposed for theneffect of hgst éla.hts on diapause -of 4.
aphidimyza larvee, much more work is necessary to

elucidate this relationship.

’ -
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. tra.nalg?::a.tion from sgneacing leaves temporarily provides

with warm tempera.tuzjes. Outdoors; photoperiod and

3

L

‘azcnou ‘DISCUSSION , o B

Unﬁer short da.y (LD 8: 18) condlnons combined w:.cth

rela,uvely high constant tempera.t.ure (2100), 'A. *

aphtdtmyza larvae probably recenre conflicting signals. In

these unna.t.ura.l eondit.ions, diet could mod1fy tho effect of T

o]

the ot.her environmental cues. In the fa.ll, back - o

feeding aphids with more nutrit.iouq diets than experienced
in midsummer. Possibly the presence lof & nutritious food
supply, which ‘would fenguré a8 .bett,er‘ chance of Sgwival' and

highor fecundity Aft'or di&pa.ueo, acts, a.long with short

da.ys, to induce a higher mcidonoe of dia.pa.use A poor food

’supply, wn.h t,he attendant risk of poor survival a,nd reduced

{ \

fecundn:y after dmpa.usa, muht. cause 1a.rva.e to overlook

’

the effect of short da.ya when they occurred in conjunction.

.

temperature signals usually do not conflict (e.£., nights
v?ould. be long and cool, or aho{t .and warm, but rarely short
and cool). In c;ases of such mixed signals, the .oppor‘t,unit.y
t0 accumulate sufficient body reserves might 'ipduce a larger
propoxltion of the population to x;espond. '

An alternative conjecture is that the diapause .response -

of the 4. aprhidimyza larvae is not related to the )
nutritional value of aphids, but is related, instead, to the
presence of secondary substances, such as gibberslins, which ”,,..

are generally in lower concentrations,K in plants under short

daye (Ziegler, 1975), or alkaloids, w io.h. ‘can be absorbed -by
phytopha.gous insects from pla.n'c.a For o Ple,. when the

toma.to pla.nt a.lkaloml tomentine, was 1nsested by
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«;Houothts zea, 1t was found to be toxlc 10 the Ce

~

pa.ra.a:.to:.d, Hyposotor emguae (V1ereck), reduca.ng slze,

-~

development ra.te a.nd 1ongev1ty of adults (Ca.mpbell a,nd

. - oA
. Duffey. 19'79) A L . ! ‘ ' -

-

That - pla.nt quality ha.d a d:.scerna.ble effeot. on dxe.pa.use

. under threaholql photoper‘iod a.nd tempera.t.ure condluons wa.s

eeta.blithed It .was not oaf.a.blishod. a,lthoueh it is'

. posaible, %tha.t. changes in host. plant qua.’lit.y a.ccount.

. enurely for the vo,na.t.lon in diapause 1no1denoe. Pla.nts

\ —_—

used in the g.bove experiments were un:.form with respect “to
v&rlet.y s 5011 mlxture and duration of a.plud 1nfesta.t.1on, yet
s de‘ooet.a,ble difference in dia.pa.uae wa.é produced by
different light regimes. It is possible, therefore, that
differences in host pl‘a.nt.a might account for the - .
.environmental. ooniponent of the‘ variation in diapasuse from
,genera.tion to generation. Over threq yea.rs. hodt. ‘plants were
ore variable than those produded in these two exper:.ments,
ared unglqr & wide range of conditions,- dependmgi on,
time of\ year, a.va.ila.bilit:; of inucuba.tor space, and number of .
pla,nt.s required Photoporiod, light qua.lrt.y and 1ntens:ty,

r
thermopemod and t.empera.t.ures, soil mlxture and

fernhza.uon, and watering, were not uxuform thoughout the

research. For a brief period (20-26 December, 1985) larvae
@

.from FIN and ARBZ2 lines were reared on aaphzds on brussels
_sprouts rathér than peppers. Although a.phzds were- rea.red in

. the same incubators, with the same photoperiod and

thermoperiod t.hrouehout the rosea.rch, the size and number of

aphids per pla.nt., a.nd the lengt.h of aphid 1n£est.a.tion, . e

deéepended on whether aphid production was b,dequa.te for

!
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"expelriment.a.l needs’ at that time. During the first 15 mo,
recurring short.a.ges of a.phxds oa.used problems, a.lthough
a.phxd producuon was more stable a.ft.er that. Since a.ll
larvae rea.rod at' tha same¥time, regardless of origin, were

D

fed aphids reared on plants with similar histories, host

plant differences could be the main external, environmental -

fa.ciox; causing correlations in diap&uae incidezice bet.weeq
runrel‘g.rpe\d lines. Densities of aphids, or larvae, may
oont.;eiva.bly have had ‘_ an affect on diapause incidence in 4.
arhidimyza larvae, however, they are unlikely to. be the
same from plant to plant and line to line simultaneously.
This is because differences in density of lp.rva;e" depend on
the number of: eg‘gs laid (nux;zber of females present) . 31, ’;“the
. time ovipositi'can plantas were placed u} cages, and t.hrié ’
varied with the line but not with time.

' To investigate this further, variables in plant
production must be precisely cont.rojlled. The ;88 of -
pre-mixes to assure oo:miat.ent fer;iliz&tion, and capillary
‘ma.ttixoxg, or drip irrigation, to enst;re“ the same osmotic

pressure in host sap would be necessary, as well a.a uniform

p llght quahty, llght intensity, photoperiod and ..

“\ .
\tempera.tures In:festa.non with aphids for exactly the same )

, 1ength of time would also be required. Analysis of

a.mino-a.cid ‘and sugar concentrations in plants should be
- e
included in tissue analysis ang it would be advisable to

é.na.lyze nutrient content of plants that have been fed upon

by aphids for the same period of time. A

13 3
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. JNONDIAPAUSE SELECTION UNDER 'FLUCTUATING THERMOFERIODS -
| Once a FIN line wn:h Jdow incidence of d1a.pa.use was
R ,' }:selected under LD- 8:16 (2100), _the same 11ne was

‘ " subjected to selection under typical fluctuating

.

tempera.t.ures experienced in greenﬁéuaaa during winter. Most -
plant apeo:.oa, except for troplca.l folla.se pla.nt.a, need

- d:.urno,l ﬂuctua.tions for’ opnmum grow‘t.h mght, temperatures

o . L a.re set 5°Cc lower the.n da.y t.empera.'t.urea for moat orops ‘-
.(Hana.n. et &1., 19'78)

Materials and Methods. Preliminary tests under LD 8:16
¥ ) . with“\T\Q‘: 28:100C a.nd TC 23:160C resulted in\ 99-100%

LY

S diapause in all lines ‘tested (QUEZ2(ND), FIN(ND), FINZ(ND), .
and FIN dontrdl). Consequently, it wes decided to Feduce the
mt.ens:.t;{ of aelect.:.&n by starting with! IC 24:18C tP .

o B - obta.:.n enough a.dul‘t.a 10 oont.mue the line. 'Ca. ’700 eggs from

o .~ - -Fa1 of FIN (ND). were collecm on three ov1p081t10n

L. ‘ pla.nt.s to begin selection; which continued for oe'igh(c.
v E genera.uons 3 ‘ { ‘ o @ Co

< ’.' ' . . ‘ ‘ 5 N 4 h
VA seriond exper:.ment, osta.rt.mg w1t.h \oa.. 1000 eggs from

Fss ‘of FIN(ND), was eonduc d under a rog:une of LD 9:18

i

PO a.nd TC 21:18°C. The thermopha.se was two houras shorterh .

o L ) 't,ha.n the photopha.se to sunula.te thermopemods recorded m

N

R the greenhouse. ;T e : o e

. . Results and Discussion. No progress” was made in L "

3

F o | éeigcting for di&pausaltfn&er_ LD 8:16 and TC 24:18°C

) '(Ta.ble 12). Inétéa,d, cé.ie.pa.usé incidence tended to inéree.se ‘
v . > with. suceeeduxg genefations. Resulte for two genera.tmng are
{ T ,‘ excluded beca.use, in Ps,’ t.he 1ncuba.tor thepr;lostat '

mpera.tures increased to &£8-30°C,
N o
Y




“+
3

TABLE 12 Percent diapause in Aé’aghidinzza larvae fro- the qu(un) line " reared under
* LD 8:16 and TC 24:18%C. o ’ .

%‘Late*pdpationlg

Generat on o % Diapause |0+ % dlapuse I
O 14.2 R X °
2’ 31 - 38.6. | . 86.3
3 346 ’ 1,02 ” 1.02 .
a 286 - " -, 7.73 - ) . i 22.43
5; 297 - 54.5 79.3°
6 200 : 54.55f s 7§f§ RO

S 08 T 65.4 o me - )

N BERETIE R R X

1 Percent/of individuals pupating after 21 d 1n'via]s. ‘

]

2 Ipcubator thermostat malfunctioned, temperature 25-30°C.

. 3 Incubator lights malfunctioned, ~on all night during pupation. L ’

091
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whereas in M, malfunctioning lights remained on at
night duringm the pupal ’period, which terminated diapause
. (pg. 178). fercent.a.ge of late pupa.t.ion‘ (possibly larvae with
a very short diapause) decreased with time, however, the
combined total incidence of diapause and late pupation did
not change (80-90%). There were insufficient eggs from
Fs to continue rearing this 1line. |
In the.second test, under LD 9:15 and TC 21:180C,
there was 96.7% diapause in the first generation and 100%
diapsuse in the few larvpe produced in the ‘seco'nd

generation.

\

Clearly, the wddif.ion of even a wesakly fluctuating
thermoperiod to short da;ylength was sufficient to induce
diapause among -most individuals from the FIN(ND) line, and - _J,s
it was not possible to use mass-selection to eliminate this
response. Because night mmperatuf;a were the same in b;th
tests, the higher daytime temperatures in the first . .
temperature regime were probably enough to prevent diapause
in a proportion of the population. For ca. 10-20% of B
individuals it may have provided enough developmental
deéreea above a thermal threshold to entirely px“event.
diapause. Results of another experiment (pg. 125) ruled out

the possiblility that slower development rates under coolar

thermoperiod redimes would result in higher diapause

_“incidence because larveae were exposed to more short day

-

cycles, It is more likely that, under environmental
conditic;ns tested, thermoperiod may be more important than
rhotoreriod as & seasonal signal, at least in these -
g\@ogr&phica.l races of A. aphidimyza. It is pos’si\ble that

r‘ %

<

~

@B
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the thermoperiodic response is genetically linked to
developménml or behavioral characteristics not open to
selection by these methdds. If alleles for nondiapause ur;der .
these conditions exist ;.t all, they are rare and probably
lost in heterozygous combinations; selec't.ion, for such rare
recessive genes is unlikely to suceed (Falconer, 198l). In -
the case of 4. aphidimyza, sufficient adults must remain
after selection to provide a balanced ratio of
male-producing to female-producing females, and this was not
possible. |

It has been obs‘erved that thermoperiods may substitgt;e

for photoperiods in regulating activity patterns in far

‘ northern races of mosquitoes (Corbett, 1966), and that

thermoperiod is possibly more important to northern races
than tp southern races of the same species. Thus,
geographical races of A. aphidimyza from southern areas
might be better ca.ndi;:la.tes for diapause selection under
fluctuating thermoperiods than the races studied, which were
all from northern temperate regions. Unt;ortunii.‘r,ely, efforts
to obtain southern lines of 4. aphidimyza for this

research were unsucceasfui (pe. 64). &

-
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GREENHOUSE TESTS OF NONDIAPAUSE g\ﬁ{'(m

After one year (20 generations) of nondispsuse
e.elép‘r.ion., the FIN(ND) lineqwe.,s tested in the greenhouse
du;*ing winter to determine dia.pb.use' incidence. |
Ma:t.ari&).a and Methods. Ca. '700/" eglgs, on three
oviposition plants from Fz0 of FIN(ND), were r‘noved to )
greenhouse benches in late September, 1983. At the same
time, two oviposition plants were moved to the greenhouse

from Fs of the FIN(ND) line re-selected under LD 8:16

La.nd TC 24:18°C. Eggs on single plants were also taken

from the FIN control line and reared in the greenhouse at
2-3 week intervals. Single oviposition plants from weach

7

greenhouse reared generation of FIN(ND) lines were reared in’
(U/jt/,o find out

how lines that had:béen selected for nondiapause under real
greenhouse conditions responded in the incubator.

| Daylengths, from sunrise to sunset, during lerval
development were ca. 11 h 45 m. Minimum night temperature
was get at 15°C and maximum day temperature was
21°C, During larvsl development, plants were not kept
in cages because daytime temperatures inside cages were up
to 5¢C higher than ambient air temperatures.

Larvae were placed on moist peat in foil trays to pupate
and, after 10 d on &greenhouse benches, trays were
transferred to mesh covered sleeve cages (28 x 28 x 28 om)
for emergence. Samples of 200-5'00 larvae from each
generation were collected in viels, which were kept in the

shade on a shelf beneath one bench. Adults emerging from

trays became parents for the next generation. Four
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éeneya.t.ioﬁs from éwh FIN(ND) line were }ea.red, with the
" last gdeneration being reared in early Ja.nua,ry,>under
da.yiengths of ca. 8 h, 453 m, All larvae from individual
oyiiooeition plants used to check results under LD 8:16 were
*collected in vials.

To check results of gresnhouse rearing, larvae from
FIN(ND) were reared’in an iﬁcubat.or with tempera,f.'u.re and
photoperiod simﬁla.t.ing greenhouse conditions. Date on’ -
dreenhouse tempe;ra.tures and thermoperiod patterns were
oﬁte.ined from hygrothermograph recordings taken continuously
from late September to late December. The incubator was set
at LD 8:18 and TC 21:18°C, with the warm phase : {
beginning oné hour after lights came on and ending one hour
before dark. Ca. 600 eggs from FIN(ND), on two oviposition
plants, were placed in this incubstor on 29 December, and
all larvae werse zl'ea.red and collected in sample vials.
Results and Discussion. Diapause incidence in both
FIN(ND) lines and the FIN control larvae reared in the
greenhouse averaged (4%ﬂ for all ée;lerations (Table 13.). .
This seemed to show that nondiapause selected A.
aphidimyza could be used successfully in winter .

greenhouses, since diapsuse incidence remained below that of
incubator reared FIN(ND) generations under LD 8:16. The low
incidence of diapause, however, in !t.he’FIN control larvae
wes surprising, since; >50% were expected to diapsuse. These ~
results were alao?inconsistent with the high level of

diapause found in the FIN(ND) line re-—selected in an

incubator under fluctuating thermoperiods (Table 12.), in

LS

which temperatures wefe 3°C warmer than those in the
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under winter greenhouse con
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TABLE 13. Percent dfapause in "M“W control FIN 11nes of A, aphidimyza

1 Late
Line Generation ] % Diapause pupation
FIN(ND)} Oct. 3-5/83 1 Tus L 2.2 2.1
© Oct. 27-29 2 350 5.6 13.1
Nov. 25-28 3 192 0.6 1.1 .
. Jan. 1-5/84 4 200 Ll no
FIN(ND) Oct. 1-4/83 1 223 1.1 0.5
RESEL
Oct. 28-29 2 b9 13.0 3.0
Nov. 2629 3 - 192 0 0.6
Jan. 1-5/84. 4 189 - 0.6 20.2
FIN gontrol3  Oct. 28-29/83 - 267 1.2 2.8
. © MNov. 13-15 - 427 34 5.4
r Dec, 7-10. - 262 0.9 5.6
Dec. 15-16 - 162 2.0 " 9.5
‘ Dec. 20-22, - U5 - 0.3 1.9
g Jan. 9-12/84 - a2 1.3 6.3
. Jan. 17-20 " . 214 1.9 2.5

1 Beginning with eggs from Fyg FIN(ND), subsequent generations reared in
greenhouse.

~ 2 peginning with eggs from F5 of FIN(ND) re-selected under LD 8:16, TC 24:18°C,
subsequent generations reared in greesnhouse. <

3 Eggs taken from FIN control and reared in gresnhous each time.
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greénhouse. In sddition, 20-45% of larvae from greenhouse
reared FIN(ND) generations fiia.paused under LD 8:16.

It was because of these anomalous reauits that FIN(ND)'
larvae were reared in an incubator with simulateda greenh‘ouse'
conditions. Results were comnsistent with all previous date
obtained in incubators (of 511 larvae, 506 diapaused and 5
died). Because all FiN(ND) larvae exposed to #greenhouse-like
conditions diapaused, it was likely that an unknown factor
in the real greenhouse environment prevented diapauss. This

is examined in the mnext section.

-~ ¢

\\-%
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SECTION 4.
, ,

L . PREVENTION OF DIAPAUSE IN GREENHOUSE POPULATIONS

OF AFHIDOLETES APHIDIMYZA

.

Thg following section describes the investigation of
. extremely low intensity light at night to prevent diapause in
A. aphtidimyza un;:ler winter greenhouse conditions. N
‘Practical application of low light levels in commercial
greenhouses and experiments on photoperiodic termination of

diapause in 4. aphidimy=za are also given. 1 .

.
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EFFECT OF IDWMNSHY LIGHT AT NIGHT
- This experiment was de;signed to test whether continuocus
illumination from' a nea,rbs; parking lot at night could be ihe
t\inknown factor preventing greenho@ re;ared larvae from
diapausing.
'Materials and Methods. Thiee aphid infested plants with
eggs) from the FIN control lines, laid the same night, were
used. One plant was placed in a;x\.j;ncuba.]tor simulating
&resenhouse conditioﬁs (LD 9:18 and \;‘I'C 21:180C, with
«~ Tthermophase two hours shorter than photophase). Two plants
were placed in the greenhouse; one was covered with a double
layer of black plastic between dusk and da.wxr;, while the '’
other remained uncovered. Daylength during larval
development (12-30 January) was ca. 9 h 15 min, and maximum
day temperature was 21°C, with & minimum of 15°C
at night. Radiation intensity measured in the greenhouse at.
night was 28-33 uw/cm? (3-4 1x). All larvae (400-600
per plant) were reared and placed in sample vials. Since :
development was slower under the lov; temperatures, cocoons
r"ema.ining in vials were dissected after 28 d' to determine
incidence of diapsuse and mor}ality.
Résult.s and Discussion.. Only 4% of larvae from the
uncovered greerihouse plant diapaused, whereas 99’% from ;the
: covered greenhouse plant diapaused. All (100%) incubator
reared larvae dispaused. It was clear that low intensity

illumination at night had prevented diapasuse in greenhouse

larvsae. p



P aie. o -

LIGHT INTENéITY THRESHOLDS ,
'This experiment was designed to determine a threshold

light intensity for pgeventing diapause under typical

greenhouse winter conditions; also to investigate effects of

red light and whether the response to low int.énsity

radiation was influenced by low temperstures.

Materials and Methods. All tests were conducted in

incubators set at LD 9:15 and TC 21:15°C, with

thermophage starting one hour later and ending one hour

esrlier than "i‘}hotopha.se. In the test incubsators, 48

uW/cm2 (8.5 1x), 21 uW/em? (2.8 1x) and 6.5

‘uW/cm2 (0.7 1x) radiation was provided at night at

prlant level, from 7.5-W frosted incandescent bulbs‘ (GE),

.169

controlled by rh‘eosta.t.s, 50 cm above plants. The control v

incubator had no night light.

| Irradiance and illuminance from light sources were
ms&suréd using & LI-COR® meter (modef LI 185; Li-Cor, Inc.,
Box 4425, Lincoln, Nebr.) with radiometer and photometer
pr:obgs. Measurements were made jin both uW/cm? (total
radiant flux striking a surfece) and lux (visible light

striking a surface).

" In the incubator used to test sensitivity to red light,

a\» red 25-W incandescent bulb (GE) set at 20 uW/cm? (cs.
1.5 1x) replaced the frosted"bulb.

The effect of lower temperstures was tested in an
i-ncuba.tor under LD 9:15, TC 18:10°C, with thermoperiod
two hours shorter than photoperiod. Irradiance at night was

48 uW/cmi? (8.5 1Ix).
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' Bach test was replicated twice, with oviposition plants
taken from the FIN control cage two “d‘a.ysdo.pa,rt. Larvae were
placed in vials with either moistened cotton rolls or moist
peat moss (1 om deep) pressed into thé bottom. The lower
third of vials with peat was wrapped in black tape tTo
exclude light. Emergence from vials with peat pupation
substrates, which simulated n;.tura,l condipions, was compared
with results from vials with cotton, to ensure that results
from the latter could be extrapolated to real conditions.
Since larvae in cocoons are known to be photdsens;itive
(Havelka, 1980c), it was possible, at the low intensities

tested, that larvae in pesat experiencing diminished

‘radiation, would respond differently from those in cotton.

For most replicates, last instar larvae were divided equa.lly)
between peat a.nd‘ cotton vials.

Results and Disgussion. Results of all treatments are
given in Table 14., and those for radiation intensity are
plotted in Figure 18. Th‘ere. was no significant difference
(X2—-tests, p<0.05) between replicates of any tess, Va.r;d
no‘(signifjica.m. difference between results from peat and
cotton substrates in most tests. This is consistent with the
finding ' that photoperiodic diapause in;ductiqn is determined
during the larval stage (Havelka, 1980c). Percentage of
emsrgence from peat was a/ignii’icantly higher (X2-tests,
p<0.08) than from cotton in both replicates at 6.5

uWw,/cmz, Thig is the reverse of what would be expected

if larvae were affected by the reduction in radiation

i;;t,enpity experienced in peat vials, and may be related to

-

“i



diapause in A.

-

day (LD 9:15) conditions with-Tow -

TABLE 14, ::{:;?l;ty radlation at o atgl:'ldiﬂza‘l l‘arvae under sh?rft
Radiation intensity at Temperature regimel Type of % Diapau % Emergence
=7 night. uW/cmé (lux) Thermophase: - pupation of alive of expected
’ - cryophase substrate . total
Upper leaf Lower leaf - (°c) . X + SE X + SE
n surface surface -
564 48 (5.5) 26" (2.5) 21:15 Cotton 1.1 + 0.1 98.0 1’0.3
400 ‘ g Peat - - 100.0
400 2i l,(2.5) 11,5 (1.4) “21:15 ‘Cotton 30.1 + 1.0 6.7 + 1.6
175 , - o T peat X
318 6.5 (0.7) 2.0 - (0.5) 2215 - Cotton” - 67.1 + 2.8 30.3 + 2.7
300 o Peat : 43.6 + 6.4,
201 Dark ‘Dark 21:15 Cotton = 100.0 + O 0
225 ‘ - ~ . Peat - 0
27 - Red 20 (1.5) Red 11 (0.9) 21:15 _~ Cotton 88.6 + 4.4 9.6 + 3.3
225 . Peat - 6.0 + 2.0
576 48 {(5.5) 26 (2.5) ) * 18:10 Cotton 8.7 + 1.1 8.4‘;:_ 0.5
1

-Thermophase 2 h shorter than’ photophése.'

2 petermined only from cotton substratés:

LT
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s .. . Figure 18. Effect  of low intensity radiation at night on
: . diaspause incidence in 4. avhidimy=za larvae (LD
! .. 9:18, TC 21:13¢C). Radiation striking upper
leaf surface: e observed values; regression
line (¥y=1085.95-57.71 Logio (x+1)). Radiation
, . detected on lower leaf surface: o observed values;
‘ - —=Togression line (y=108,29-65.05 Logiwo
¥ . (x+1)); vy diapause under red light. .
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‘No' ihreahold in‘cehsity for diapause induction was
detectéd thhln the range of 1llumma.t.10n and 1rra.dlance
-t.ea\t.ed Even at the equivalent level of visible light from
the full moon (0.7, 1x), under LD 9:18 (TC 21'1500), 3%
of larvae emarsed vuthout diapausing. Di&pa.u.se incidence was
linearly related to t.he loga,nt.hm of aner(y per unit area - 'at
levels <48 uW/cm2 > .

Energy levels measured under single lea.ves, where larvae

spend most. of t.hmr devélopment, period, were a.pproxlmat.ely

&
9

half of those above leaves (Table 14.), therefore, it is

possible that diapause may be ﬁrevem.ed in larvas actually

° i

experiencing ée uW/cm? (2.8 1x) of radiation.

Radiation messurements in uW/em? in incubators .were
over twice. as high as ri:igux:ea obtained using m;thematical
conversions to lux for incandescent bulbs at full intensity
(4.0 W/cm2 per klux) _(Bigép and Hanser;, 1979). This is
probably because, as voltage drops, an increasing proportion .
ofL energy emitted by incandescent bulbs is in the red to .
infrared (IR) range (Summer, 1962), which .is detected by
radiometric Wut not photometric sensors.

No sansitivity to red light was demonstrated, although

4
sensitivity to IR, which may be involved in insect diapause

-

-

response (Callahan, 1962), is not entirely ruled out,

because all incandescent bulbs emit a high level of IR. If
1a.rva.; were sensitive to red, then at least o,s many would be ‘
expected to respond to 20 uW/em? of red wavelengths ‘as

to the same intensity of white (mixed spectrum) light. Only
050%‘ dia.paused‘ under 20 uW/cm? from the white bulb,

whereas 89% diapaused under the same intensity of radiation-
A

¥y
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level of radiation necessary to prevent diapause in- an
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from a red bulb. Even if larvae were unable to detect red
light, sufficient white light may have leaked from flews
around the collar of the red bulb to saturate phot.oreceptorsﬁ

of a few extremely sensitive individuals. The extremely low

equivalent proportion of larvae can be caloulated using the
equation from the regression line (Figuxfe 18.). Assuming :
that the log relationship holds between diapause.incidence
and radiation intensity below 6.5 uw‘/\cmz, ‘ca.lculo.tions
show”the.t. 1.2 uW/em2 (0.28 1x), would prevent di;pa.uee
in 10% of A. aphid'imyza larvae.

Under low tempe\x:e.ture (TC 18:10°C) and 48
uw/cm2 (8.5 1lx) at night, diapavse was induced in 89%
of larvae. Thus, if s thermoperiodi¢ response threshold for
diapause induction exists (Beck, 1982; Saunders, 1983), then
it differs with photoperiod. Because this thermoperiod
regime is l;wer than that generally used in commercial
greenhouses during winter (some lettuce varieties will grow
under 18°C during c:.he day, 10-12°C at night),
these results do not detract from the usefulness of low
light levels in maintaining reproducing 4. aphtdimyza
populations during the winter. .

To apply these results in a gresnhouse, re.die.tiog
measurements were checked at dif/ferqent distances from 60-W ‘

and 100-W incandescent bulbs to determine the area of

effective illumination. In these measurements, 48

" " uW/em? did not occur the same distance from bulbs as

the 5.5 lx reading. This is probably because these lights .
% .

were at full voltage, in contrast to the small bulbs used 'in °

- oty
s .

*
et e T
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. incubators, with reduged voltage and consequent

-

+ .

prc;portiona.ll}{ higher. levels of infrared. Also, the large .
bulbs were not frosted, which may ‘have made a différence\
For practical'applicaticn of' these rosu]:ts, the measurement

in lux was used, since it is most likely that effective*

I3

wavelengths for diapause‘induction lis within the visible-

~

spectrum (Chapman, 1982). For de‘,y-n;utra.l crops, relatively
insensitive to low light intensity .(e.g.,' tomatoas, pepfoers,
cucumbers), radiation from a single 60-W bul‘b could be used
10 prevent, dia;uuse in most 4. aphidimyza within a
circle 12 m in diameter, and‘would prevent ’die.pé.u;se in >51996
of the population in a circle >22 m —il.'l diameter. This would
not be useful in an extremely light aensit.:;ve crop’ (e.g.,
poinsettias), however, most plants are /insensiiive to light
below 2 1x (Hanan, et al., 1878), which occurs‘ ca. 3 m from
60-W, or 4.5 m frgxp 100-W incandescent bulbs. . o
 Further v;orqun preventing diapause could be‘directed
t.gwa.rd determining whether 4. aphidimyza larvae are more
light sensitive at certain times during thq night, as is

o

known in other insects species, so that light pulses during

-

" scotophase could be used to prevent diapause (Lees, 1968;

14

Beck, 1980; Brunnarius and Dumortier, 1984; Kikukawa and
Masaki, 1984). The use of ‘brief periods of illumination at

night has been suggested as & way to .control crop pests by -

r
]

preventind diapause in the field (Hayes, et al, ’19'74.;
- 1

Séringer, 1983). With 4. aphidimyza in greenhouses, '

however, it could be used '~1}o obtain better biological

control of aprhids. This would only be feasible if the

intensity or duration of light breaks did not disrupt dark

\ .
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Phase processes in crop plants. X LUV
& . . . . . ¢
Further investigation of spectral sensitivity in A. “ -,
aphidimyza larvae also may be useful. If larvae respond )
' 1)'.
mest strongly to spectra not efficiently absorbed by plants . °
. A
(e.g., blue or blue-green wavelengths), continuous .
illumination at night could be of higher intensity, .
) ' & « - ' , "\
requiring fewer fixtures and less energy expenditure for a«
larger area, without disrupting plant processes. - . ,
~, The following section Heacribes a related investigation . ‘ ,
into photoperiodic termination of diapause. ' P T
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PHOTOPEEIODIC TERMINATIOﬁ OF DIAPAUSE
A series of tests was conducted under various
environmental conditions for diapsause induction and
termination to find out under what conditions diapause can

be photoperiodically terminated in A. aphidimyza.

' Materials and,Methods, In two tests, larvae remaified

under diaspause inducing conditions (LD 8:16 and 21°C)
until all diapausing larvae eventually resumed ‘development

»

a.n(i emerged. In three more tests diapause was induced wunder
LD 8:16 (Ri°C) or LD 9:15 (TC 21:18°C) and then

larvae were prlaced under LD 17:7 (2100) until adults

s
A

AN o

In .8 further test, larvee, in which diapsuse was' induced

by rearing under LD 8:16 (TC 25:100C), were divided

%

into two groups, one of which was placed in LD 17:7 (TC

25:10°C). The other group remained under tixg original

diapause inducing. conditions. When no pupéal development was
observed after 42 d, this group was chilled (8°C) in
darkness for 30°d to hasten dispause development, then mo{{ed
to LD 17:7 (24°C).

In & final exp@riment, replicated twice, larvae were
reared under LD 9:18 (TC 21:15¢C),-to .induce diapause. ¥
They remained \:\nder these conditions, but 48 uW/cm?
(8.8 1x) of continuous illumina.tioﬂ at night (from a 7.5-W
frosted bulb) was added. When no emergence was observed
after 31 d, half of the vials, f&n@orﬁly picked, were putsin
LD 17:7 (21°C), @:ﬁle the rest remained under LD 9:18,

with low intensity illumination during the dark phase.
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Thermophase was the same length as’ photophase in tests .

Lwith LD. 8:16 and LD ‘1'7:'7. Thermophase was two hours shorter '
[+

~ f
than photopﬁ&se for LD 9:15 regimes, to simulate winter

greenhouse conditions.

/-Results and Discussion. - Results of all tests ate given

L

~

in Table 15. In the first three tests listed, larvae were

-

left until all-emerged (or died), thus time to 50% emergence

is accurate. Remaining tests were terminated before- all
larvae had pupated and emerged, therefore, although m’:me to
59% emergence is given, it is calculated from. those that.
emerged within the test period. Therefore, it‘ i3 early

) )

l}
relative to time to S0% emergence for the total population.
In test}~whare larvae were moved to LD 17:7 (21°C)
for diapause development, mesan development :time was 15 d,

compared to 13 d for larvae reared entirely under LD 17:7,

i

!

without diapause. Pupation apparently began within two days.

La.‘rva.e that had been chilled for a month at 50C took ;

oyer twice as long to émergé. Diapaude ma)f have beenn more
intense because they were reared und‘er a cold night o. R
thermoperiod, or because the chilling‘ deeperied diapause
(Havelka, 1980b).

Under LD 8:16 (21°C), diapause ended spontaneously .

in 33% of larvael within 33-50 ‘d. Most of the rest emerged

'during the next 100 d, and a final few (11%) engergedi up to

80 d later (200 d from the time the)'r‘ were placed in vials)
(Figure 19.). Thus, although diapause.eventually ended -
spontaneously under LD 8:16 (2106), it was® terminated . ,

swiftly, without chilling, by LD 17:7 (21°C). This is

- vary useful fgr long term storage of magg-produced larvae,

. ﬁ \

Y
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-1 Days from c;ruange ‘of regime.

2 pays from larvae placed in vials:.

M ‘- r' 3 ’ i ’ .
3. Results of two’replicates pooled. - . S e e
i . L ;

a

@ AS

TABLE 15, Diapause terminated under different environmental conditfons in A aphidimyza larvae. °
- o - - ) T Tast —
. Diapause Da_y\si?g " > Diapausel Begin Time .to emergence % Diapause % Late
. Induction diapaude termination emergence 50%. or last at end of pupation
regime {nducing n regime (d) emergence observation test -
(°c)- regime 6> To(d ()1 :
LD 8:16 (21) 21 ‘31  same 332- 74 . 200 0 -0 =
LD 8:16 (21) 21 19  same & 342 42 T 198 - 0 u o -
LD 8:16 (21) 21 18 LD 17:7 (21) 12 - 15 23 0 0
LD 9:15 (21:18) 21 12 LD 1727 (21) 12 T 16 21 N oo 0
LD 9:15 (21:18) - 28 176 LD 17:7 (21) 13 >15 28 2.5 7.4
LD 9:15 (21:18) . 28 . 104 LD 8:16 (21) ' 15 >38 63 11.2 - 14.4
LD 8:16 (28:10). ‘21 87 LD 17:7 (25:10) 20 >3] 72 7.5 12.5 i
5 ~ -
LD 8:16 (25:10) 35 65 - ’ . -
+ DD(5) 30~ LD 17:7 (24) 17 >29 39 2.4 9.8
LD 9:15 (21:15) 21 2473 same-+ 48 uW/cm2 - - T 67 94.8 0
. -~ night 11lumination :
% . ) - . N ©
\ - i
LD 9:15 (21:15) - 53 24;3 LD 17:7 (21) 12 19 : 35 tQ 1.0
¢ P ’ - 5 “% l ’
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because there is only a slight ‘delay\ in development once

dzapa.usxng la.rva.e are p,laced Gnder ./long day condltzons The

la.rva.e in thepe tests x;xks& havG been in \v(aha.t Mansingh (19'71)
\
tem a.teleo—dla.pa.uae a low 1ntens1t.y dia.pa,use that can

be tormmt.ed precocmusly, becausa dla,pa.use was induced

L3

undar- —relatwefy high tempera.turee This may explain the
swift ,t.ermina.f.i‘.’on of dia.p’auke under long da.y conditions,
Diapause induced under winter greenhouse conditions
could not be terminated by exposure to 48 uW/cm2C at
night, which, has beeg shown to prevept diapause, therefore,

|
it is hkely th;st.. rhght. intensity thresholds are higher for

dla.pause t,ermlna.uon than for dla.pa.uae prevention.

Larva.e rea.red under LD 8:16 (TC 25:10°C) +took a.bout.

twice as' long to emerge under LD 17:7 (TC 28:100C)

A

{mean 21°C), than ot‘her diapsusing larvae pla.ced under
LD 17:7 (21°C). Because mean temperaturés were the

same, larval and pupal development rates should have been

- ¥ 3
the same, since all temperatures were well above larval and

pupal development thresholds (4.3 and 5.'7°CJ

_ respectively) (Havelka, 1980a). This may be e\vidence of a

thermoperiodic’ threshold for diapause development (Beck,, ' .

t

1983), in that the reactivating effect of long days was . &

x

"'dela.yed when temperatures dropped below a certain threshold

at night. There is no evidence of such a threshold in
> " . F

diapause induction, because in preliminary tests, <(1% ofl

larvae diapaused when reared entirely u?fder LD 177 and TC
. . ’ -

-

{ T -
Although these results have practical applications in

commercial production of 4. aphidimyza, they do ,nét

L
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explain the:interaction between photoperiod and thermoperiod

in diapause ‘o_ermina.ti:on. Furthermore, results’ reported here
. . )
are not necesarily t.rue/ for other A. aphidimyza lines;

Havelka (1980b) found differences in photoéeriodic

A. aphidimyza.

¢ \

o

- reactivation between two different ¢eo¢r'&phica.l races of




24

’
< N A * .
i S ON 8.
b
4 . - USE OF APHIDO S APHIDIMYZA IN
GREENHOUSE CROPS DURING WINTER 9

N ’ ~ ) * ¢

Once a method of preventing diapsause in A. aprhidimyza -
‘larvae was found, experiments were done to determine whether
they could coQtrol aphids under winter greenhouse conditions

& . , -
and, if .80, at what relesse rates. Tolerance of ‘4.

, ) . .
aphidimyza to Safer’s Insecticidal Socap (used to control -
aphids) was alsc studied and; in a concluding section,
recommendations are given for the use of A. aphidimyza in

- Canadian commercial greenhouses.
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MIDWINTER RELEASE RATES EXPERIMENT

' With low intensity radiation preventing diapause in 4.
_ aphidimyza, release rates experiments were undelrtg.ken in

[
the greenhouse to determine whether larvae could control

-

.aphids during winter and, if so, what release rates should
Matenalz and Methods. Green pepper plants were used’
because rthe clone of M. per‘st'oae reproduced rapidly on
them. If A. aphidimyza can control M. persicae on:

this host, it-is likely that they can control M.

persicae, or another, slower reproducihg species, on other L
crop plants, At the temperature range maintained during the
experiment (21°C daytime maximum, 18¢C night;t.ime
"minimum), M. persicae rppmducés 2-4 times more quickly
than at higher or lower ct.empera.t.urgs (Barlow, 1962), )
therefore, this experiment involved "worst case” condition
for apKid control. ‘

Twelve, wood~-frame cages (48 x 90 x 60 cm high),s
covered with r{ylon mesh, were built into onel greenhouse
bench. Access to each cage was through a f"fla.i: on one side
fastened with Velcro® strips. Each ca.g'e contained 20 plepper
plants in 12 cm diam pots. At the beginning of the
experiment, plants had an average of nine expanded leaves
and mean infestation level of 50 aphids per plant (1000-1200
sphids { per cage). Because temperatures inside cages were ca,
3oC \;a.rmer during the day than outside cages, the
greenhouse thermostat, was set accordingly, to provide TC

21:180C inside cages.
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A randomized ‘comialete block design was used because it
was suspected that té;r}pé;atures at night varied from one end
‘of the bench to:the s:ju.t.hér. Three replica&tes of féur release
rates (1 predator:3 ;.phid.s, 1:10, 1:50, 1:100) weré used.
Over 3180 larvae from the F}N oonﬁ‘ol line were pla.ced: in
vials 29-»31 October, and released fn cages 11-13 November. )
Adults were sexed and released in a ratio of 1 male:2-2.8
females, which was the mean sex ratio in this line. A second
release of adults, from 3750 larvee collected 13-15°
November, ?wu mal.de £4 d later. ‘

8ix leaves from ea.c:h. cage were randomly picked at five,
day intervals -. and all living aphids, 4. a.phidt’{nyza eges
and larvae were counted under 28X After counting, leaves
were laid on top of plants in ca.ges; to minimize the im'p_a.ct. :
of sampling on predator and pres; populations. Although

.

!
picking leaves retarded plant growth, there was a net

]

increase in number of leaves per plant by the end of the |,

experiment.

Mean aphid density per leaf was used as a criterion for

‘ & , : ] :
.success of a Treleage rate, rather than fruit yield, because

planta wers confined to -small pots at high dei'xsit.y. and were
unlikely to yield well. The number and weight of fruit, .

number of leaves, and height of plants, was recorded at' the

[
-

conclusion of the exeriment (65 d).

Results and Discussion. The ekperimental layout of

cages is shown in Figuré 20. Changes in the number of‘ aphids .

and predator eggs and larvae for ,each replica.t.e! of the 1:3

-

‘and 1:10 release rate are shown in Figures 21. and 22. The .

mean of all replicates are shown for the 1:50 and 1:100

in

A S
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"Figure 20. Experimental layout of cages for midwinter .
release rates experiment in greenhouse. North end

.

of bench warmest, soutl_z end coolest.
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Figure 22, Results of releasing 1 predator:10 aphids in
midwinter greenhouse conditions. Mean number of
aphids, 4. aphidimyza eggs and larvae from six
sample leaves. Arrows mark predator release dates.:
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Figure 23. Results of releasing 1 predator:50 aphids and
»1:100 in midwinter greenhouse conditions. Mean
number of aphids, 4. arhidimyza edds and
larvae from three pooléd replicates of six sample .
leaves. Arrows mark predator release dates. . ,
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release rates in Figure 23. Data for each treatment are, - =~

compiled in Appendix C.

Statistical analysis confirmed that there was a

significant effect due to t.rea.t.ment. (ANOVA, F=33.03;

P

df=3,102; P=0.0001) and block (ANOVA, F=6.31; df= 2102 \
P=0.0026). There was a greater number of fruit in “1:3 and
1:10 cages(, ‘b'ut not signiﬁca.ntly 80 (Appendixu C, Table

CS8.). There was a.lso no smnzﬁca.nt, dlfﬁerence m helght of

. plants a.'t. “the end of the expenment. Number of leawes in 1:3

and. 1:10 treatments was sighificantly higher than in 1:50 s

K

and 1:100 treatments- (Tukey's studentized ‘ra.ngé, test for-

va.ria.ble; p<0.08), showing that these plants were more
#
vigorous as a result of lower aphid infestations. Cy

The -two lowest release rates, 1:50 and.1l: 100 were

_;clea,rly inadequate, with aphid popule.t.ions rea,ching >150-

arhids per leaf in all rephcates, before midge la,rva.e ' !

brought the popula.uon under control Even at these relea.se

rates, however, aphid pbpula.t.ions were reduced to <3 per -

- N

leaf in all replicates by the end of the experiment,

+

demonstrating the predator’s numerical (and functional) L

rTesponse to prey density.'

Results of 1:3 and 1:10 releases were similar, and any

. . differences between them were probably related more to the

temperature gradient along the bench than to the different. -

num‘@r‘ of predators released. The north end of the
greenhouse (Replicate 1 = Rl), wﬁe;e the main steam pipes
’ent‘ered wag conmétently warmer at night than the south-end
(R3). Beca.use thermostats controlling heating and -

vennla,uon were nea.r the centre of t,he bench, R2 cage

o] . .
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conﬂd‘ii'.ion’s w.ere élosest. to0 TC 21:159C. Replica..te 1 was

1—3°C wa.rmer ‘at mght. and RS was, 1-30C cooler, ,
dependmg ?n wea.t.her out,doors 'rhe effect of these

temperature dlfferencee on A. aphtdtmyza development

time is- visible on the gra.phs, 30 d ela.pse between ‘

,q‘nposiuon pea.ks for ea.ch densration *in R1, 35—40 d ela.pse

in R2, and 50 d ela.pse m R3.
At the 1: 5 rate, a.phld control was- good in R1l, with a

. v
‘ nré/n of <3 a.pluds per“leaf dunng the last fwe weeka ‘of the,

i experiment, but the ot.her two rep‘.l:.co,tes were .not

aa.tufa.otory “In- bot.h R2 and R3, a.phld popula.t.:.ons were
reduced to <5 per leaf within four weeks, however, a.phxd

populations reboundeé.. An expla;nh.tion for tiﬁis can be found

- s

by examining graphs for each replica.t.e In R2, a
surpr:uungly low numbe@f la.rva.e resultpd from the fzrst

relea.se, although t.here e.f:pea.red to be an da,dequate number of
L

eggs, and larvae had htt.le impact on- aphlds The secoﬂd oo

relea.se of mldges was well t1med and the) sacond generauon

»

from this release was on’ the verge of dec1ma.t1ng aphids by

N

the end of t.he experiment (qure 21) In -R3, offsprmg

from the second release at‘.arved because aphid popula.uona

I

ha.d been reduced to 0-1 per leaf, tlherefore, no larvae were

’

m‘esent to control _aphids. Although 1t is not, clee.r whether

-

the la.st ov1posn.mn peak’ is from offspnng of the ﬁrst or

,
b W |

1

mond relea.se. it is most likely to be from the fu-st ;

M r

‘Telease, beﬂa.use t.here were sufﬁcmnt. e.phn:{s between days
38 a.nd 83 to support a la.rge number of la.‘rva.e, had "they beeq
present. La.rve.e from t.he firat relea.se ma.y he.’ve ha,d such a

la.rge impact on aphid popula.tmns beca.use &phlds reproduced

3

“h -

?

- . -

RN
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slower, reslative to A. aphidimyza, under the slightlﬁ/

cooler conditions at the south end of the -bench.
The bésp overa:ll control was a.ehievgd u;:ing' a 1:10 ]
roiea.ae rate (Figure 22.). When treatments were assigned.to
cages, Rl and R2 ended up side by side soc cage temperatures
would have been the same, which probably -explains the
similarity in results. In R3, aphids escaped control by the
end of the exp;:riment in a p&ttern very lsimiIa.r to that of
R3 of the 1:3 rate, which was beside it on the bench. The
second relsa.se of mld;& was endent.ly wa.st.ed in this
replicate, as it was in the nemhboruxg 1:3 treatment.
Results of this experiment show t.ha.t‘ A. aphidimyza

~%
can control M. persicae in the wmter uhder condnaons

favorable for aphid reproductlon The 1:10 relea.se rate : . .

appeared to be more effeetwe than the’ 1 5 Tate under .

xm.dw:nter greenhouse condn.xons The second introducuon of ’

midges, 14 d after the first, had a.n 1mpa,ct in Rl and R2 of

both treatments, but was wasted in R3, showing the :
. )

advisability of basing releases on aphid ‘counts' rather than

on a predetermined schedule. In R3 of both treatments, the

' second release would 'hq.ve been more. effective four weeks

a.fter the first relesse. - ) T

The ability of adults to find rna.t.es, and females to find
aphid 'colonies, undelg winter lgreenhouse conditions, was not
tested in the small cages and must be cliecked in la.rger .

greenhouses. Also, air circulation in moderp commercml

.greenhouses is well controlled, and temperatures are more

uniform than those in the experimental greenhouse, further

emphasizing the need for research on a greenhouse sca.lé.\
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LA‘!B v;nmm RELEASE RATR EXPBRIMENT

. Based on results of the first release rates exenment., a
second experiment was conducted, using 1 preda.tor:lo a.phxdst
Materials and Me*t.hnds. Methods were the same as in the
pﬁﬁom experiment. Three replicates of the 1:10 release
ra.t.e’wore set up in greetihouse cages. To minimize the effect
of temperature differences along the bench, only centre
oa,ges were used, separated by' an empty cage between

rephcates Twenty pepper pla.m.s were placed in each cage

a.nd infested with 1300-1400 :aphids pgr' cage (68~70/per

‘plant).-Adults were released in cages on' 27-28 February and

o

‘again 14 d later. S:a.mpling wa.a. egn&ucted as in the previous

-

experiment. ' 1 : ; ) .
" During b experiment:, \,g;.ily air temperatures ‘rose to
25—2600 and night temperatures were 15°C :'-1}1”:;,”

Results and Diacumom Tha experiment was termma.ted

/

a.fter 26 d because a.phld populatlons had resched destrucuve
1evels (>170 aphids per lea.f) (Figure 24) For unknovm

rea.sons, sdults from the fu‘st. relea,se produced a. very 1ow

" number of egds and the ﬁmt larvae wera not. observed unt:.l

the 10th day, unlike the previous ;expemmem;, in th_.ch

larvag were counted on the. 5th day. The larvee éeém‘ed

‘to have little, if any, impact on e.phld popula.uonsr whlch

' “ o,
reaehed >120 per lea.f by ‘the time of the second relea.se The

.hlgher daytime tempera.t.ures and longer da.ys dumng t.):u.s

experlment undoubt.edly mcreo,seé. the ra.t,e of aphzd

.reproductiori, confirming the ,need for the hzgher ,_relea.se
1 3 . ' )"

rate (1:3) in’ late winter and early spring recommended .in

Pinland (Markkula, et al., 1979¢). Poor reproductioh from
% : 4 ~ - u!

* i
t
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Figure 24: Results of releasing ! predator:10 aphids i
late winter greenhouse conditions. Mean number of
aphids, 4. aphidimyza eggs and larvae from -
three pooled replicates of six sample leaves. -
Arrows mark predsator release  dates.
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M )

? '

the first midge release was probably an important factor in

-

. / " e e )
_the failure to control aphids during this test, and further
, \ LN . .
research is needed on methods to ensure uniform oviposition

and larval survival in releases of 4. aphidimyza. ' - =

} *

Because more work’on release rates mu;st be done before |
success is predictable, pesticides for controlling aphids
that do not harmy A. aphidimyze are nesded; this is the ;

[

subject of the following experiment.
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) INSBOI'IC]])AL SOAP TESTS
. Insect1c1da.1 soaps (pot.a.ssmm salts Xf fatty acids) are
a naturally occurrmg, blodegra.da.ble alternative to chemical
contm;‘ for some pests (Parry and Rose, 1983). They cen be.
o ? T -i'rit.egrated‘ wi‘t'h- biololkicatl contrel programs because they are
' > 'nonresi’dua;l. In greex‘ihouseé,. insecticidal soaps are used to

control ie.phicls _and can be integrated with the parasite, ' .

Sha

Enoarsi& Formosa Gahan, uéed t.o control whi%efly, T, L
" vaporamorum (Pumtch, et al, 1982) 'l‘h:ts experlment ) .- |
o R » ‘tested - the effect of & mdely a.va.ila.ble bra.nd. Ba.f“er s®

_— ' Insecticidal Soedp (Sa.fer Agro;Chem Lt,d., Willowdale, Ont.),

oh egés and larvae of 4. aphidimyza.

Ma‘bermls and Methods. .Two ages of larvae.and l-day-old
'. . ~ eggs > were ‘sprayed in a Potter spr;.& t.qwer.‘wi\th t.v;o

4 . ) ‘concentrations of Safer’s, soap: ra 2% sofution j(b'.04 .

: - ‘mg/cm? active ingredient, AI, recommended rate), and &

20% ‘solution (0.40 mg/cmz AI) Controls were sprayed * ,

.
- . AEN

: . . c wit.l'r disti}led watér. Four replicates of 25 eggs or larvae

were made of each treatment. Eggs were tested t.w1ce,

. ' .2-3-day-old larvae and last instar. la.rva.e (rea.dy to pupa.te)

v

- ’ ., swere.each tested once.

’ : . - . N
.

‘Oviposition plants, with eggs from the brevious night,
.T_ ; - were taken from A. aphidimyze céges in the morning. For
T sﬁray tests, eggs on individual leaves ,were counted under
“28X and surplus eggs were removed, leaving 25 egg:.:-, per leaf
a on the’ lo\v;er lea.f surfa.ce. Leaves were placed, edgs upwa.rdsr,
- ) " on dry fllter paper in petri dishes, spr&yed,, then coversed

( © ° _ ' and incubsted under LD 17:7 (21°C). Observations were '

made at 24, 48 and 72 h intervals. o
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The 2-3-day-old ia.rva.e were also t.fea.ted while on leaves
(28 larvae per lep,f) because .they were 1too small to handle.
Aft:er treatment, .fresh leé.vés, infested with &fhids, were ' .
" . .., =~ added to petri dishes to fe,ed‘ larvae. Observations were made )
as for eggs, with \fx;esh aphids added as neeessa.ry\.
4 . . Uging 8 fine, wet paintbrush, last ins*t:a.r larvae were
placed on dry filter -pa.p,er‘ in petri dishes jus"tu before be:’[ng
spra.&e'd. Because larvae escape from petri dishes, they were
placed in vials with cotton rolls for pupation immediately
a:fter treatment. Observations of larval mortality were made
at 24 and 48 h; adult emergence was rec’orded a.r;d all ,
remaining cocoons were opened after 21 d‘.G u
Results and Discussion. l*ieithe:' concentra.t.ior; of

Safer's Soap had a significant effect on hatchability of

b

) '\ eggs (ANOVA on pooled tests, p<0.08), or on survival of last
| :i.'ns%a.r larvae (Table 16.). Adults from the latter larvae
looked normal, and were képt in small cages for 10 d to make
"sure that mating and oviposition were normal (>95% of eggs
ha.t.cl;gd in all cages). No significant effect was found on
2-3-day-old larvae within 24 h. Analysis of data from
. observations at 48 h, however, was not possible since 49
larvae ‘(16%) escaped and tﬁe remaining larvae were probably
mixed. -Beca.use°so few dead larvae were found (Table 16.), it
As likely that the spray dir;l -not affect larvae. This may be
béca.use larvae are able to exude fluid over their body when
they come in conte.cwt with: chemicals, a.r;d this probably helps
them resist poisoning (Ushchskov, 19735).

(- - . T These results show that Safer’s Insecticidal Soap can be

used to control aphids when A. aphidimyzo eggs and

“ - "
¢ ©
y
- ‘



'TABLE 16. Results of .spraying eggs and larvae of A. aghidiaxza with two concentrations -

(2, 20% A.I ) of Safer's Insecticidal Soap. Etach treatment replicated four
_times (n =-25), - . ,

!

n - Eggs X A
° % hatched 2-3-day-old Last instar
larvae larvae
; Test 1 Test 2 & Mortality (24 h)1 % Adult emergence
Control ' 95 92 1 80
2% 3 %0 90 2 85
20% . ! 8 - a4 . e

1 Percent survival not calculated-because 16% of larvae escaped.

5
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larvae are present. This pesticide joins the list of

acaracides, fungicides and some insecticides compatible with
' N 'u

.the use of. the predg.toxj.\-This is particularly useful because

foci of aphids, or other pests susceptible to ingecticial

soap, can be spot sPra.yed without harming 4. aphtdimyza

and disrupting a biological control program for aphids. .

!

s



By

'2)

5).

6)

n

> For. Growérs:
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RECOMMENDATIONS FOR APPLICATION /OF A. APHIDIMYZA

IN COMMERCIAL GREENHOUSES
, ' <

-

Releaﬁs 1 pupa:3 aphids in spring and fall, 1:10 in-
‘midwinter if greenhouse is on a cool prroduction schedule
(TC 21:150C), o%.perwise use 1:3 rate. S .

An additional release may be necessary, usually in 14 d
ng‘ing spring and fall, and after 21-28 d in midwinter, in
cool greenhouses.

Use Safer’'s®Insecticidal So:a,p to control eaphids, either
before release of A. aphidimza, to bring populations to

low levels, ox: 10 control\ "hot, spots” of aphid infestation
after midges have ioeen relea,seci.

Lea.ve'l container(s) of pupae iI'l greenhouse, lid off, among
plants where they won’t be disturbed and out of 'the full
sun. Ensure pee;.t does not dry aut co’mplletely for 10 a, the
maximum emérgence period. - . . \

Pasteurizing or fginigating gréenhouse soils will kill
pupating midges, px;gventing'perma.nent establishment. Some
fungicide soil drenches (e.d., for damping-off, 6011&1' .rot,)
ce:.n be wused without harming pupae in 5’0'11.

To maintain midge activity during winter when no

supplemental light is used to extend 'daylength for crop,

" leave & 60-W or 100-W-incandescent bulb on all night in the

‘centre of each section (10 x 30 m) or 22 m apart esch way
in larger open-span houses. ; "

Biologicel control of- whitefly (Trialeurodes

vaporariorum) and two-spotted spider mit.e‘ (Tetranrychus

v

. " 207

\ .
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v

1 . ' ’ %
urticae) can be intedrated with the use of A4..

" aphidimyza. . .

8) Control may be enhanced by providing pollen and nectar

flowers for female midges tc enable them to live longer and,

\

Sy ] ‘
lay more: eggs. Dill, or other small flowered Umbelliferae,

4 [A
are good sources of nectar and can be sown in soil beds, or

at the head of the house in planters. Single plants at .

~ intervals (3-6 m) are likely 1o be sufficient. o

For . Suppliers: - , "

L

To ensure the best oontrol, two ages of pupae (8-7 'd apart)

«

should be included in the shipment. This is to compensate

- for early emergence and short life span of males, because:

femallesyeme“rging from the earlier group will ‘be re-mated by’

males emerging later, enabling them to lay fertile eggs -

“during their entire life span. . T
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' CONCLUSIONS .

The central aim of this research, to.provide gffect.ive

\

. aphid control in winter crops in greénhouses using 4.

a-phiéiimyza, was sccomplished, although not in the way

s

"originally intended. Selection for nondiapausing lines under -
LD 8:16 was possible in four out of five lines (two from the

"FIN line, two from the QUE.lines), but only under constant

‘210C. No selection progress was made when larvae were

»

exposed to s thermoperiodic cycle, even &t rel&tively high

- tamperatures (TC 24:189C). The discovera} that sextremely '

\ -

low intensity radiation at night prevented tliapsuse under LD ' )

9y

,5', 9:15 and TCZ21:15°C, made it possible to contin\ue with N
’ . : . release ra.pe's trials, because A. aphidimyza emerged - »

,without diapause all winter in the .greenhouse. 'This was very“ .
' i important because iT; wa.é not knc;wn whether A. aphidimyza ’

" eould control aphids under winter greenhouse conditions, )

]oa.rt,iculg,rly M. persicae, with its high reproductive rate

under cool conditions. _Although the release rates experiment

! . was, of necessity\, a cage experiment, it showed that ‘4.

K aphidimyza was capsable of controlling aphids under cool,
;short, day ‘oonditions at relesse rates (1 predator:10 aphias)
lower than that recommended later in the spring (1:3). This -
confixms the-value of this predator and its potential for

‘ controlling aphids m' winter, givin.g further %ncen‘cive to

' renew the study of-preventing di‘&p&use.,

The dia.pa}xse response 1n A. aphidifnyzae was found to
be very complex. An interactibn between photoperiod and

thermoperiod was demonstrated, with long day photoperiods’

rreventing, or terminating, diapause under most temperatures,

N -
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. ¢ '
"and thermoperiodic ‘cycles inducing diapause under short days,

‘even in nondiapause selected lines. That low intensity =~

«

radiation (<{48uW/cm2) at riigﬂt, prevented dispdguse. was
‘not previously known for this species. The ‘evidence that}
un’der" certain environmental conditions, the quality of the

host pl&nt affeeted the quality of- a.phids suff::clently ’t.o
1riflqenee dmpa.use in predator 1a.rva,e wa.s unexpected, a.nd

.

wnhout precedent in other preda.t,or specles

A rela.nonsl‘np between development. ra.t.e and ‘c.andency 'bo

. diapause was observed. Dla.pa.use oment.ec} larvae took longer

d

* l .

¢

to develop than pupation oriented larvae; the correlation of

¢ v

early. emergence with. low diapause incidence in generations of
i '

- nondiapause selectéd lines indicates there may ke a genetic
basis .for *t_.l;te relationship, possibly throu‘gh genetic linkage
during nondiapsuse selection, or as e; pleiotropic effect of
nondiapasuse genes. The ‘domina.nce of genes for photoperiodic .
induction o’f Zli&p&ﬁse, over those for nondiapause, ;N&S

- demonstrated; inheritance of diapause was found to be in’

accordance with & chromosome cycle in which paternal
o , ,

chromosome;s are eliminated. ,
;Varia.bility in imporiant &ttributes of A. aphidimyza
reared in 'thé laboratory were found in the course of the -

‘research. Variations and imbalances in sex ratio in some
lines underscored the necessity of o;ota.ining a liné with
s‘ta.ble sex re.tio. for mass-production. Wide i,nt‘ra.ﬁopula.;;iori‘
variation in fecundity and life spans of individuals were -

also observed, suggesting that genetic selection for more’

viéorous lines may be possible. .

+
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C ops and does requ).re some effprt a.nd expense to thé grower
/f

radiation could concentraete on determining whether larvae are

FUTURE RESEARCH - 2 RV K

Aa in meny resee.rch proaeote, this st.udy &-msed more
quesuons than it answered. Alt.hough t.he fase of low 1nt.ens1ty 4
Light at -hight to _prevent diapause works, and does not I
require a.dldi.tiona.l eq\uig;nerit,"’ because r'nost’ greenhouses are
eqbipped with light \fi)gtufee at’ intervals, 'i*t.T is not a o

i

- universal solution. I‘t/ cannot be emplos'red in light Senaitive TR

truly nondla,pa.usn.ng hne of A. aphtdzmyza, would be a

better solutmn, if n. ca.n ’be found I euggest t.hat further .

i

research should be d1rected towa.rd selecnon for" nondla.pa.use. e ', N

L

Geogra.phlca.l ra.ces of A a.phtdtmyza from southern areas’

should be sought and screened ququly, once 11nes are

established in thef le.bora.tory Severa.l genera.uons of -

~ -
' \ . v

exposure to desired. phOtoperlod a,nd t.hermopermd reglmes 18\

’ " »'\ ]

er;ough 10 determme whether a,ny progress will be made in lo .

= 4

selection. o . ) ; -

Further work on preventing diepause with low intensity

_sensitive 1,6’ wa,velengths not efficientl'y absorbed by plants,

L)

suoh* a5 blue or blue- green. If they are, dle.pa.use could be
prevent,ed over a larger area, with higher intensity

1111:.111::.1145:.1.1on,e without affecting’ plant_ dark phase processes. . . '

- ' i

It might also be wortﬁ ascertaining whether pulges of lig)_:t» at ' .

night are effective in preventing dla,pa.use in A.
(v 2

qphidimyza.
Much more work on relea,se rates and timing of releases of
A. aphtdtmyza is needed and on a greenhouse scals.

Whether mating, or host, ~finding effmlbency in fema.les, 13 -t

b

) > N
v
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of midges for drowers and, in conjunction with research on

“cold storage methods, would make midge production more

212

reduced under Wir;ter greenhouse condi:c.iohé should be

investigated. Timing releases of the predator, based on aphid

counts, or on ambient temperatures, a;lso ou‘ght.w t\.o be” studied.
Another interéstiné avenue of iﬁvestiga.tion openeé:l by -

this research is the posmbﬂny of genetic selection of &

. ling.. w1t.h hlgh fecundity. The va.rn.a.bil:.ty in fecundn.y, wzth a

‘substantial propqrtwn of females laying over 200 egégs, mlght

_provide an adequate basis for genetic selection. Selection

for inoreased life spsn might also be worth while.

" Termination of diapause photoperiodically, without

N

. chilling, has greatest application in commercial production -

economical. -Reliable storage and reactivation methods free

‘ supbliers 10 produce pupae seasonslly, while providing e

,8hipments of pupése on denfa.nd.

One of t.he most intriguing areas for further

1nvest,1ga.t.10n, 1s -determining how the qua.ht.y of host pla.nts

a.ffeots a,phlds, whlch in turn affects diapause in predator .

la.rva.e ,Such thlrd order effeots have ra.rely been examined
&nd may. shed hght oh - tha subtle 1ntera.ot.10ns between pla.nts,

phyt.ophe.gous species q.r;d their predators.

Y
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' ‘collected Gnn'n'v)ltionl a3 Diapause  pupition Tarvae Pupae i by day 13
. S Ju{y 18-19 M., 39 86.7 1.3 1.8 0.5 1:2.2 10.9
' " Mg, 67 B M8 B 3308 26 12 .6
' T hug. 23-24 % 42 7L, 23 34 L0 Lz @6
sw. 12 ¥ 3 34 66 18 54 Ll 493
_ - Octs 2-3 B 49 48l L8 S8 20 L2z T2
R Oct. 20-21 3 302 - 709 3.0 -‘9.7' © 513 Ll6 " 416
\ Lo Nov. 10 a0 w2 608 F0.810 26 LLT-% 3.6
N “Nov. 30-0ac.t 41 3 348 /7 1 0 722 e e
: ‘ Dac. “18-19 42 ‘213 25 1.1 0.7, .15 1S 59.6
L Jan, B-9/85 - - 43 'g27' 15 1.4 4.0 40 124 . 538
Ty L a2 M 21 80 28  La L& Ll . 8
T T G Fes 45 284, 383 29 00 BS 1l3 489
. g R Mar, 9-10 © 46 295 61.3 14 2.4 1.7 1:1.2 41.5
R T M 30-Apr.1 470 197 0260 L0 0 25 | L2578
. | Mf. Ta15, ;- 239 ‘254 L3 17 2.9 12 -
P | Apr, 1819 8 3 /5 L4 06 L9 LL] 8.6
L por, 2122 - - SLe. L L7 1.0 2.0 . 19 .
) , Ar. 2627 - 271 650 04 1.8 0 1.0 .
Mo - 18 200 0 0 12 .
. o My 45 . .- 2820 a1 .U L8 . 0.8 3.9 L4 .
T e w2 3ms e 28 38 Lm0 3
Co o May 29-30 50 13 00132 0 94 a4 18 RUCI ¥
. . }‘Sampl‘e coincides with gener;tion\of FIN(IXG‘D) 1ine, .f
. { 2 /. ‘ R N .
p ¢ . T
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TABLE 82. t();-te from the FIN(ND) Tine of A, aphidimyza, sel
¢ 1 c . . ’ . ’

’

M ]

;e 241
.
. - .
\ 'Q ~
: "3
A S L

7

ected for nondiaptuse under LD 8:16

% Mortality . Sex ratio % Emergence
gltipn larvae * pupaa“ 'je\: e

by day 13

1:32 10,0
Qe 16 1
" 19 l:46 - 57,3
s 122 1.0
L7 1:57 - 73.4
SR TR T R B X
0.9 14 T2 o
a4 n2s e
L3 1:2.d 64.7
" s L1321
CUeT LT L34
T 61 L6 L4
5.8° 1:3.0  -14.1
8.1 1:59 189
20 Lk 38
5.7 1359 135
62 1:23 23.2
0.7~ 1:2,2 1.5 -
3.3 - 1l:2.2 52
R T R
" 55 . 1:24 . 36.8
8.8 1:5.6 7 2.2
6.2 1:4.6  *15.7
z
)

Date . % Late
. collected GenQration’ n_ % Diapause pu
sept. 25-27/82 1 190 77;5;, "o '\sd.g‘
Oct. 16-22 2 T8 634 1374
Nov. 2-13 3 e 59.0 5.3 .13
Nov..28-Dec. 5 4 364 sl 14 04
Dec. 18-26 5 181 0 2.0 ‘27
| an. 5-4/83 6 © 10 44 0’ 33
. Jan, 2426 7 M0 0 0 26 L9
heb. 12-13 8 \%'z 5.7 . B . 14,
Mar. 2:5 o . &0 32
Mr.o 2 <Tdo. 29 < a4 A6 R0
AP dell Y 28 7.3 .85 1.9
br. Wwyz . Az 24 2.9 1.0 58
" May©19-23 ~ 13 165 - 3.3 3.3 ;.6
June 6-10 W 2 108 5.8 3.1
 June 27-29 15 235 8.7 3.9 43
Wy U . 16 35 6.6  7.00 6.4
Aug. 67 70 a2 18 . 0.8 0.8
/~ Aug. 25-26 1B 28 39 21 38
 sept. 1346 197 W6 16 .2 L4
Oct. 356, . 20 240 " 158 6.2 2.1
Oct. 2224 A o as 04 5.1
Nove 1120 22 20 27 | 2.2 3.0
Det. 1-2 ° 23 - 1% 1.8 1.8 5.6
Gec..22:24 .26 208 38 . 9.0 3.8
. e s ﬁ

\

6 % 1:008 . 264
0.4
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TABLE B2.. (Coilﬁm\nd; \ .
Date %late X H;rtmty' “Sex.ratio’ % Emergence
conoctnd' Generation n % Djapmu pupation larvae pupae s : ¢ by day 13
Jan.-13-15/84 25 21 434 L2 2.6 30 1:l.2  40.8 .
Feb. 2-7 26 25 . 6. 8.6 3.2 36 1:1':9 13:5 '
Feb. 25-26 27°. 53 4.9 6.5 5.0 2.8  1:0.9 143 :
Mar. 1819 8 515 S U WU S W SN P ST W S
Apr. B9 29 392 183 3.0 2,6 41 114 6L5 Z
Apr. 29 -30 337 19.0 7.5 5.0 4.4 1:3.1 %o.s
Mey 19-20 N T 27 7.0 28 89 Li2d . 2.6
June 9-10°* 2 2.4 29 1.3 6.2 1:1.5 387
June 29";;0 . 33 "389 12.1. 0.8 1.0 .3.3 1:2.1 38.2 -
July 18-19 TR 8.6 46 18, &9 112 487 )
Aug. 7-8 3 30 .13.0 . 37 17 63 Ll SLS
Aug. 23-24 % -0 5. 13 20 11 1:2.7  82.3
Sept. 11-12 7 402 1.7 1.7 - 32 89  1:2.6 757
Oct. 2-3 ° 38 283 ° 9.8 2.3 2.1 4.2 1:0.9 67.8" -
Octe 20-21 39 406 144 40 200 56 1316 420
Nov. 10-11 N0 1. 2.8 3.9 A4S 1:1.8 44,5
Nov. 30<31 a L4, 0.4 20 53  1:2.3  92.0
Dec. 18-20 . 42 86 0 1.9 35 5.6  1:1.6  79.9
Jan. 8-9/85 43 ‘280 67 SUT -2 . 1,8 e et
Jhn. 28-29 “woous 0470 0 L8 40 1:n7 @.a .
Feb. 17718 s 5.6 2.8 L3 33 116 735
Mar. 9-10 % 285 164 2.6 21, .39 ¢ LL2  50.2 '
. M, 3031 25, 3.6 18 L7 41  1:0.9  8L.8
Apr. 17-18 48 M s 1.2 5.1 61 . L8 3.0 o~
May 849 9 W ®/s 64 L4 27 Ll 2
May 28-30 50 156 2.2 5.2, 5.8 8.3 1:1.7 57.3 _
’ | ‘ -~



f TABLE B3. Data from the FIN2(ND) line of A. ggidigxza. seltcted for nondiapause under

]
L]
z
;
4
P
:
!
¢

o~ ‘e * w
\‘v e -~
.
,
e
Zae. pe
. . - - .
i . .
« v rs -
EY
L “ A
< . - L]
» £ * 3
LS v
°
r - -
) - ~
. ~ r T,
\ i’

. LD 8:16 (21°C);-

2

D te . . ‘% Late % Mortality ‘ Sex ratio .Ze;lhiméi'gentg:e' . -
lelted Generation n % Diapause pupation larvae pupae o« : ¢ ‘by day 13 . - e
. > 2 - - <A

Feb. 6/83 1 210 37.9 0.7 3.3 1.9 1:1.9  ° 65.6 - R
Feb,. 25-26 2 276 '94:3 0.7 3.6 ° 3.6  1:2.7 8.6 . : .
Mar.: 15-19 3 269  13.3 3.1 1.5 ‘l 1.5 1:4.5 : - T
Apr. 5-6 _i 141 17.5 0.8 7.1 71 13 de.2 ’
Apr. 26-27 5 247 11,0, 5.5 2.0  .2.0  1:1.8 ' 60.4 )
May 13-18 - 6 - 214 7.2 4.1 2.8 - ‘6.§ - .1:2.4 "51.4— J

; ,




TABLE B4. Data fru? t!e)QUE(Nn) line of A. aphidimyza, selected for nondiapause udder
LD 8:16 (21°C

)

. Date

-,

-

o

215

-

% Late % Mortality . Sex ratio % Emergence. .
. collécted Generation n X Diapause puPation larvae ‘pupae, o4 : ¢ 13by ea{4 ;
Oct. 6-8/82 1 188 61.0 0.6 3.2 2.7 1:1.4 0 5.9
Oct. 16-22 - 2 109  13.9 o 1.8 a5 . 1:35. 0.0l '1735 ‘
Nov. 4-14 '3 v 87 271 0 0.1 6.0 1:35.2 0 3.1
Nov. 27-Dec. 5 4 381 13.4 3.7 3.3 9.4  }:38.5 4.2 -21.2
Dec. 13-24 5 298 3.3 0.4 5.0 3.0 . 1:130.0 6.8 39.3
.Jan, 7-8/83 6 94 0o .512 1.1 L1 1:9.9 .38 35.0
Jan, }a-zq 7 299 7.3 1.4 1.7 2.0 . 1:20.6 19.8 80.2
Feb. 17-18 8 108 1.2 0 46 148  1:23 17 .17.2
Mar. 7-15 ° 9 3.8 09 7.0 7.4 1:173.0 1.7

17.7

1444
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TABLE BS. gatl'.; {;«l:!cghe QUEZ(ND) line of A. aphidimyza, selected for: nondiapause under LD ° )
o N Date ' ’ - A % Late 4 Hortath Sex ratio % Emergence
‘ - collected Generation n % Diapause pupation 1larvae pupae A by day 13- ,
Jan. 4-5/83 1 244 51.1 0.4 2.9 2.9 1:2.0 80.9
Jan, 22-25 2 253 24.6 0 2.0 (i 1:7.0 © 82.4 .
" Feb. 10-13 3 214 14.9 0.5 1.4 1.4j 1377 79.5
Mar. 1-4 4 2 4.8 0.4 2.9 2.5 1:1.2 64.4
' Mar. 19-20 5 235 5.7 - 2.6 1.7 3.0 1:5.2 609
Apr. 7-10 6 187 3.6, 24 32 81 1:2. 19.4 c e
Apr. 30-May 1 7 178 10,1 - 9.5 4.5 6.7 1:1.3 ' 51;4— - -
May 19-23 8 312 8.0 - 41 3.3 5.2 0 1:3.4  54.3- )
June 7-9 9 360 5.6 3.1 4,2 6.4 1:1.6 44,9 .

June 25-28- . 10 196 5.0 2.2 7.6 4.1 1:2.1 . . 36.3

N
o .h‘
8
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TABLE B6.

/

4

Data fru- the ARB2 control line of A. aphidimyza; sauplus ftarod undcr

[

1 sample cofncides with generation of ARB2(ND) line.

0 B:l6 (21%).

Date % Late % Mortality Sex ratio % Emergence
collected Generationl n % Diapause pupation larvae pupae . «: ¢ by day 13
sept. 2-7/83 - 225 61.5 7.8 9.8 27 1:0.8 3.4

" Nov. 8-9 < m 6.9 1.5 51 6.0 - 1:0.°° 0
Dec. 21.23. - 18 715.7 0 3.8 32 1:0.2 12.5
Jan. 11-12/84 - 190 84.1 0 26 1.6 1:1.6 0
Jan, 22-23 - 340 82.1 1.2 A1 2.4 1:2.3 0
Feb, 27428 - 62 83.3 00 32 101 10,0
Apr. 3-4 - 343 74.6 0.3 2.0 L5  1:4.9 2.4
Apr. 27-28 . 132 19.7 2.6 4.6 6.8 1900 20.9°
May 10-12 - 140 63.5 1.5 1.4 0.7 1:2.2 6.4
Aug. 19-20 1 498 81.4 1.3 32 36 1:2.4 70.7
Sept. 26-27 3 267 35.4 6.7 1.1 .7 10109 81.6
Oct. 15-16 4 318 45.5 7.7 3.8 1.9 7 1:2.8 37.4
Nov. 5-6 5 360 48.3 2.3 L9 1.9 1:21 327
Nov. 24-25 6 261 49.0 5.0 1.2 1.2 1:13 47.0
Dec. 16 7 233 42.5 5.4 3.0 2.2  1:. 72,1
Jan. 7-8/85 8 197 16.8 5.8 2.0 1.0 1:3.0 40.1
Jan. 25-26 9 178 3.1 31 2.8 6.7 1:1.4 14.6
Feb. 22 10 92 82.0 1.1 3.3 1.1 1. 72.0
Mar. 7 1 70 20.3 2.8 . 5.7 1:0.3 20.0
Mar. 26-27 125 307 - 28.9 pf}%ﬁ 2.3 4.1 1:0.7 58.5
Apr. 15-17 13 248 24.3 6.2. 1.6 A3 1:2.0 357
May '6-7 14 130 36.1 1.6 . 1.5 4.6  1:1.0 14.5¢
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'I'm.E b1, Data from the ARB2(MD) Hm of A lﬂﬂ“ﬂ;l, uloitad for nondhpaun under

LD 8:16 (21°C). ' g
@

Date . < Late - % Honnity Sex ratio % Emergence

collected Generation n 3 Duplusc \ pupltion larvae pupae ¢ : 3 by day 13
Nug. 19-20/04 1 198, 4 1.3 3.2 3.6 l:2.4 70.7
" sept. 6 27 38 g5 3.8 6. 24 L3 2.4
Sept, 25-26 3 268 15.6 67 2.2 70 1:0.9 34.4
Oct. 1516, ‘ 25 W6 134 44 36 1:0.8 23.4
Nov. 5-6 5 .33 23 36 L4 28 1.0 27.8
Nov. 24-25 6 15 8.0 . 5.3 0 3.9  1:1.0 _  24.0
Dec. 15-16 7 293 109 3.5 14 17 1:2.8 79.8
Jan. 5-6/85 8 M 108 .64 . 36 61 1:L0 35,1
ano 256 9 16 57 38 64 95 Lad 28.1
Feb. 12 10 194 L1 0.6 1.6 41 1.6 83.9
Mar. 6-7 n’ 3 %7 59 COLE 27 LS, 465
Mar, 26228 12 28 10.3 8.3 2.6 34 1.6 51.0
Apr. 19-17 13 .. 21 2. 6.5 3.7 46 1:2.0 53,2
May 5-6 14 189 4.0 2.9 2.6 4.8 1:1.0 55.2
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i , °

" TABLE BS. Data from generations under relaxed selection of the FXN(ND) 1ine of
A. aphidimyzs, reared under LD 8:16 (21°C).

v

Date 7 ' % Late % Mortality  Sex ratio % Emergence

collected Generation n .% Diapause pupation larvae pupae o : § by day 13
L . REL 1:
' ‘ © June 28-29/83 1 8 6.2 20 0 120 1:33 .
| L uly 13-14 2 303 148 127 5.9 135 1:2.4 .
- : Aug. 73 “ 4l 289 2.3 0.5 42 1.6 129 -
. Aug. 21 5 89 2.6 3.8 2.2 10 1:0.9 .
. ' Aug. 29-30 71 255  23.5 3.0 1.6 6.7 1:4.3 -
: | | Sept. 29-30 8 32 44,5 6.9 4.5 §.4 . Ll .
’ oct. 12-13 9 135 127 2.0 3.9 6.9  1:2.6 -
E Oct. 25-26 10 486 11.0 2.8 4.1 8.0 1:1.1 .
. REL 2:
N, Nov. 29-Dec 1/83 1 , 302 8.3 1.8° 3.6 4.3 - 1:2.1 64.4
j C Dec. 10-12 2- W 102 A2 U550 80 1:L5 20.2
; Dec. 27 . 3 427 .8 2.5 2.1 4.0 1:2.8 9.4
_ Jan. 15/84 4 a0 12.9 2.0 5.0 8.0  1:0.9 29.0
: Y4Feb. 2-3 5 2 el 1.7 5.2 3.4 1:1.0 21.0
: . Fap. 24 6 69 24.5 1.5 7.2 4.4 1:1.3 35.9
Mar. 13-14 7 /6 130 (z.s 2.3 47 1:1.2 34.8
Apr. 67 8 216 3.0 0.5 4.6 42 1:1.3 48.8
apr. 2526 . 9 379 54.6 0.8 2.1 1.3 1:1.4 13.5
May 13-14 10 364 40.8 1.7 1.6 0.8  1:1.5 67.6
May 25-26 1 229 15.4 .6 5.7 9.2 1:2.2 47.5
June 17-19 12 230 3.7 2.3 0.4 44  1:2.8 . 54,8

1 No data for generations 3 and 6 because of insufficient aphids,

N -
P Ny [»] £y .
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AFPENDIX C.

'Da.t.a from release rg.t'es experiments using A. a.phidimy(za.

to control M. persicae in the greenhouse during winter.
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TABLE C1. Results of releasing 1 predator : 3 aphids. )
‘ e
Replicate 1 Replicate 2 Replicate 3
aphids eggs larvae aphids © eggs larvae . aphids . eggs larvae
Day X + SE X + SE X + SE X + SE X+ SE X+SE X+ SE X + SE X + SE
3 11.8+3.4 3.1+ 2.0 O 15,7+ .55 7.7+ 3.8 0 11.8-+ 4.6 15.8+5.5 @ )
8 44.0+17.9 4.7+ 4.1 0.7+05 227+ 7.3 0.3+ 0.2 3.3+21 27.8+12.2 12.0 _+_ 5.6 8.5% 3.7
13 48.2+15.6 0.2+ 0.2 55+29 19.5+ 9.1 0.3+ 0.3 1.8+0.9 1.3’1 0.9 0.7 +0.6 4.8%1.3
18 47,7 + 20.1 22.5+ 8.8 1.2 +0.6 13.5+ 6.2 16.3 + 7.2 1.0+ 0.6 0 6.7 + 2.7 1.7 + 0.5
23 8.8+ 4.8 6.7+ 1.1 18.8+5.7 16,2+ 6.8 5.3+ 3.4 2.8+ 1.2 0 _ 2.3 +1.6 0.7+0.5
28 0 4.0+ 1.4 6.8+2.1 4.3+ 1.3 1.0+ .2 3.2+ 12 2.2+ 2.0 0 - 0.5 +0.5
33- 0.8+ 0.8 7.2+ 3.8 0.7+0.3 7.8+ 50. 0 2.0+ 1.6 1.0+ 1.2 0 i 0
38 0.3+ 0.2 41.2 +19.4 15.7 +1.7 10.7 + 58 5.3+ 3.8 0.7+0.3 6.7+ 3.8 0 0
43 0.2+ 0.2 5.7+ 4.7 2.5+ 1.0 34.5+139 0 1.0+ 1.3 18.0+ 7.7 0o~ 0
48 0 15.+ 5.3 0.7+0.3 35.0+23.4 0 3.7 £1.8 258 ¢ 8.5 0 1.0 + 0.5
53 0.5+ 0.5 0.2+ 0.2 2.0+0.9 12.2+ 8.0 2.7+ 1.8 2.0+1.1 71.0+ 251 1.5+ 1.1. 0.2+0.2
58 0.3'+ 0.3 0.2+ 0.2 0.24+0.2 76.3 +38.2 38.8+28.2 8,3+7.,1 173.0+39.4 7.8+4.9 3.7 +2.7
63 2.7+ 2.1 0.5+ 0.3 0.2 1@.2 213 + 6.9 4.8+ 1.5 17.0 + 6.0 84.8 + 10.2 1.7 +0.8 - 5.7 + 2.1
- .

&

0s?
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TABLE C2. Results of releasing 1 predator : 10 aphids . ,
- Replicate l )’ Replicate 2 ' Replicate 3 )
aphids eggs larvae aphids eggs larvae aphids eggs larvae
Day X + SE X + SE X + SE X + SE X * SE ‘ii_ss X + SE X + SE X +'SE -
3 19.6+ 7.6 2.0+ 1.7 0o - 15.0 + 5.1 4.2+ 2.9 0 142 + 5.6 7.2+3.8 0
+8 343 +14.0 0.2 + 0.2 0 3.8 +12.4 5.5+ 3.0 2.5+1.6 36.3+13.6 9.3+3.1 534+25
13 30.3+ 7.3 1.8+ 1.2 7.0+1.2 34,7 +18.4 57+ 47 6.0+1.8 6.0+ 2.2 0.2+0.2 12.8+8.8
18 31.2 +13.3 15.8 + 6.2 ~1.5 +0.8 8.5 + 36 2.2+ 15 1.0 ::0.6 0.2+ 0.2 0.2 +0.2 0.7+0.3
| 23 65.8 + 22.0 "4.7+ 1.9 10.2+5.1 6.5+ 3.5 2.7+ 1.4 2.3+1.9 0.3+ 0.3 0.7+0.4 0.8+0.3
? 28 14.8+ 9.0 1.2+ 1.0 7.5+1.4 0.7+ 0.4 0.3 '1‘(}.3 20+1,2 1.3+ 1.1 0.3 +0.3 0
33 2.7+ 1.4 0.7+ 0.7 2.0+0,3 .4.5+ 4.3 0 0.3+ 0.2 16.2+ 9.7 0 0.3 +-0.3
. 38 6.7 + 3.7 16.5 + 8.2 1. +05 4.0+ 1.5 1.5+ 0.7 0.2 +0.2 21.8+11.8 1.2+1.0 0
43 16.8+ 8.2 1.7+ 0.5 9.8+4.1 12.0+ 6.0 2.5+ 1.3 13.7+9.4 94.2+28.5 8.5+3.9 0.3¢+0.3
48 0.3+ 0.3 1.0+ 0.8, 9.0%5.6 0.3+ 0,2 3.0+ 1.8 2.24+1.1 135.3 +30.2 3.2-+1.2 4.5+ 3.0 .
53 0 32.2+14.1 4,5+2.) 1.3+ 0.7 55+ 1.6 1.5+0.4 78.3+28.4 58+3.1 2;5 + 1.1
? 58 0 34.8 +20.4 208 +8.2 0.5+ 0.3 10,0+ 3.7 313+1.0 61.5+13.8 2.5+1.3 6.0+2.6
63 0 0.3+ 0.3 2.8+0.9 0.5+ 0.4 0.3+ 0.2 0,7+0.5 82.5+22.1 1.0+1.0 27+0.8
B ) r - - . )
. -

|
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Results of releasing 1 predato

TABLE C3. : 50 aphids
: ; . ,
Replicate 1 - Replicate 2 Replicate 3
aphids eggs larvae aphids eggs larvae aphids eggs larvae
\ o X+ SE X4 SE X+ SE X + SE X + SE T+SE X4+ SE XeSE - WesE
1 : - -
3 9.0 + 2.4 0 0 6.5+ 1.6 1,2+ 0.8 .0 285+ 80 2.3+ 1.6 _0
.8 28.8 +13.3 0 0 31.0 +13.0 1.8+ 1.3 0.3+03 5274127 0.7+ 6.5 0.2+ 0.2
13 86.3 + 18.7 0 0 54.34+11.6 0.2+ 0.2 0.3+0.2 81.0+2r4 - 0 1.2+ 0.6
18 91.0+29.8 1.3+ 0.7 0.2+ 0.2 53.5+19.6 1.5+ 1.0 0.2+0.2 64.5+ 20.4 1.2+ 0.7 0.8+ 0.5
23- 181:2'1 64.9 3.4% 1.3 1.2+ 1.0 79.5+ 14.2 0. ©1.5+ 0.8 127.0 + 18,7 3.2 + 2.2 1.0 0.5
28 120.7 + 28.6 3.5 + -2.3 3.3+ 1.1 79.8 + 23.7 0 1.3 +0.6 199.0 + 3.5 1.3+:0.3 2.5+ 0.4
33 108.3_+ 18.9 0 J1.7+ 1.1 133.8+4429 3.7+ 2.4 0.7+40.7 171.0+18.8 15.8+ 4,4 3.2 +:1.6
38 152.3 £62.0 83+ 3.0 1.2+ 0.7 151.3 +22.9 125+ 2.9 1.8+0.4 233.2+33.5 63.0+11.7 17.5+ 4.4
43 134.7 +23.5 0.5+ 03 5.0+ 1.8 123.7 + 23.4 5.8 ¢+ 2.7 25.7:_;.#0/45.5' +18.9 6.3+ 2.9 44,7 +-22.9
. 7 .
48 28.0 #11.7 5.2+ 2.6 5.2+ 1.7 - 1.8+ 26 1.3+ 1.1 105431 03+ 0.2 1.8+ 0.8 12.5¢+ 2.0
53 12,7 + 11.1 64,3 +28.8 6.3 + 3.1 0 3.2+ 1.6 5.8+ 1.6 0.2 + 0.2 18.8+ 9.8 8.3 + 2.7
58 o 33.3 + 10.7 32.3 * 12.8 ‘ 0 ! 3.0+ 2.2 6.0+3.1 0.2+ 0.2 0 35.0 + 0.8
63 0.3+ 0.3 5.2% 2.9 52+ 1.8 0 0.2+ 0.2 274+0.7 2.8+ 2.4° 2.0+ 1.1 1.5% 0.3

414
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TABLE C4. Results of releasing 1 predator : 100 aphigs

P

s

- = ) ==

. - o - -
Replicate 1 . , Replicate 2 | T : Replicate 3 . .
aphids . eggs larvae aphids eggs larvae aphids €ggs larvae
Day X+SE ., X*SE X £ SE X + SE X+SE . X+SE X+ SE X 4 SE X + SE

-3 58+ 22 0

0 4.7+ 1.6 0.2+ 0.2 0 115+ 3.7 0 0
8 .18.0+ 8.3 0 0 38.3 + 15.2 1.2 + L2 0.31+0.2 48.2}\17.4 4.0+ 1.6- 0
13 82.7 _+__'16.3 0 0o . 75.3,+13.2 0.5+ 0.5 0.2+0.2 7654 7.8 1.5+ 0.9 1.0+ 0.4
18 168.3+41.0 3.3+ 1.0 O 69.2 +15.0 3.3+ 1.2 2.5+ 1.6 77.2+27.5 0.2+ 0.2 2.7+ 1.5
‘23 183.0+36.9 1.5+ 0.5 1.3+ 0.9 60.0+ 30.5'% 0.5+ 0.5 0.2+0.2 65.8+18.2 0 0o
28 186.2 + 410 1.2+ 0.6 1.2+ 0.3 129.8 +36.4 0 Q 4.5 + 1.9 103.0 + 33.4 ) 0.8 £ 04 1.0t 0.6
33 208.7+16.4 3.8+ 2.5 1.0+ 0.8 127.8+28.4 0.7+ 0.3 1.7+ 0.7 19,3+ 25.7 2.7+ L3 1.2% 0.6
38 "221.8 +34.3 9.0+ 2.9 3.0+ 1.7 147.7 +30.4 20.7 +11.0 0.7 + 0.5 260.7 + 318 5.7 + 25 1.8+ 08
43° 78.3+30.6 0.2+ 0.2 13.7+ 5.0 139.7 £19.8 3.2+ 1.2 12.3+5.9 210.7 £51.1 1.5+ 0.7 3.5+ 1,5
88 31.3+25.1 6.5+ 2.9 4.3+ 1.6 28.3+15.0 7.2+ 4.4 6.7 +1.8 -32.6 $13.3 17.3+ 4.0 6.2+ 2.0
53 . 25.7+19.7 83.5+29.1 29.3+11.5 11.7+ 8.6 18.2+ 6.2 6.0+ 1.5 56.8+23.2 20.8+ 5.0 12.0+ 3.1
88 0 18.2+ 3.1 175+ 48 2.0+ 1.0 9.0+ 3.0 77426 37.0# 22.8 15.7 + 6.4 16.3 + 4.3
63 0 . 113 é.o 3.3+ 1.8 0 0.5+ 0.3 %7 +0.7 073+ 0.6 4.3+ 1.7 57+ 0.5
e Y " ' - o S
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TABLE CS.

release rates experiuent. .

-

Weight of

Fruit yileld, nu-ber of leaves and height of plants at conclusion of first

4

. ’ fruit/cage Leaves ‘ H:Height (cm)
Replicate = midge : aphids  fruit/cagel (g) e ,
. - (x +s D) ‘(Yisb)
1 1:3 4 28 14.1+0.9 322+ 1.5
o 1:10 s 36.3 15. 0+0.8  20.6+1.3
1:s0 0 0 10.4 + 0.6 24.2 +70.8
1: 100 ] 0- 9.2+ 0.5  25.0 + 0.9
2 1:3 6 131.5 " 14.8 + 0.9  27.2 + 1.2
1: 16 :9 : 172.2 16,7 +.0.9  30.3 + 1.5
R B 0. 13.8 + 0.7 . 27.1 + 0.9 "
‘riwo o 0 13.4 + 0.7, 28.9 + 0.7,
3 1:3 9 132‘75 15.8 + o.a' 29.0 + 1.2
| 1:10° .2 29.1 16.1 + 0.9 °-28.2 £ 1.2
. 1: 50 1 .27.9  14.8 + 0.8 28.2 +0.8
T 1:100 . L1 18.2  10.8+ 0.7  28.0 + 1.0
. \ |
1 Twenty pepper plants. . “

-~

per cage.

£

e .
, -
'
. f oa
-+ .
- — —




g

o

e

Y-

101.3 + 29.2
-~ -

4.3 + 1.4

4.2 + 2.0 13.8 + 5.5

146.5 + 36.1

5

- _‘I’A!il.l;: C6. Results of second release rates experiment (1 predator :. 10 aphidé). . :
- i 8 ¢ g 7 .- L
» . ~' »
. Replicate 1 . Replicate 2 ) Replicate 3
- aphids . eggs” larvae aphids eqgs larvae aphids -eggs larvae
Day X+ SE X+ SE X'+ SE X + SE X + SE X+SE . X+SE X+ SE X+ SE
v ) y = pd
1 158+7.3 1.0+08. 0 9.5+ 2.9 0.2+0.2 0 155+ 8.6 1.8+1.2 0 °
5. 99.7 +20.8 1.2+0.9 4.8+2.3 81.7+40.4 6.24%2.9 4,56+4;3 852+24.7 1.2+0.8 6.5%+5.2
10 115.7 +29.5 7.5+2.9 2.0+1.3 74,2 +28.0 "4,2 +2.0 2.2 +1.0 178.2 +45.5 14.8 +6.2 2.5+ 1,5
B : - . . - - ,v‘— - - s _— - - F 4
15 124.2 + 20.8 6.2 + 2.3 2.0 + 0.9 107.7 + 26.9 8.5 + 2.9 1.3 + 1.1 102.8 + 20.4 6.3 + 2.2 1.5 + 0.6
1} 157.2 + 39.4 6.7 + 2.8 6.7 3.2 167.5 + 30.9 8.7 +3.3. 12.0 + 4,1 194.8 + 26.3 6.5 + 1.8 11.7 * 4.2
21 3.8 + 1.3 163.8 + 44.0 18 + «/7 26.8 + 8.5

.
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